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PREFACE TO THE SECOND EDITION 


Careful re-examination of the First Edition of Engineering Thermo- 
dynamics has resulted in a revision in which many passages, and in some 
instances whole sections, have been reworked. This has been done with- 
out changing the original purpose of the book: to present thermodynamics 
in a simple, straightforv^ard manner so that the average student can 
grasp this important phase of engineering without undue difficulty. 

Also, a chapter on heat transfer has been added, in recognition of the 
growing importance of that subject for the several fields of engineering. 

The problems which in the previous edition had been included at the 
end of each chapter have now been grouped together at the end of the 
book, and to these have been added many new problems, so that the total 
number now exceeds eight hundred. These problems have not been 
devised as routine exercises to provide work for the student, but rather 
to give him an opportunity to apply fundamental thermodynamic prin- 
ciples. Students should be encouraged to compare with data from their 
past ex'perience the answers they obtain from the problems, in order to 
discover the purpose of the problems and in order to grasp the significance 
of contrasting conditions. 

The authors wish to thank those who used the First Edition, for their 
kind suggestions, all of which have received careful consideration and 
many of which have been incorporated in this edition. 

J. S. D. 

A. H. Z. 
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Preface 


ideas This consideration has, to a large extent, determined the order of 
presentation 

The text has been planned to co\er a j ear’s work in thermodynamics 
Often, a briefer treatment is desired for non-mechanical engineering stu- 
dents, for this purpose, a number of articles can be bj-pas'^cd without 
the thread of the text being lost The articles which ma> thus be omitted 
in a shorter course are designated bj a star for conxenience In each 
chapter, the dnll problems are sufficiently \aried so that both short and 
long problems are a\ ailable 

In the derivation of expressions, manj alternate forms of equations 
ha%e purposclj been omitted, as it is felt that all too often the student 
IS o^eni helmed bj a large arraj of equations The basis of this tc^t has 
been to present as fen equations as po'^siblc and then to show how 
problems ma> be analyzed and solved by the application of a few funda- 
mental principles 

J S D 
A H Z 
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CHAPTER 1 


INTRODUCTION 

Need for Mechanical Power. — From the dawn of history until 
about two hundred years ago, man has depended entirely on his o^m 
muscular energy and upon that of animals for doing work. This depend- 
ency on muscular energy has so limited Iiis physical progress that his 
mode of ]ivmg changed very little for thousands of years. To be sure, 
man learned to refine metals and to fashion them into crude tools, gun- 
powder was invented, and printing and the allied arts came into being. 
However, the restricted amount of available power prevented sufiScient 
utilization of these developments to materially alter the way of life of the 
average indi^ddual from one century to another. 

With the development of water and steam power in the last two 
centuries, there has been an extremely rapid growth of the physical world. 
Basic and far reaching discoveries have been made in the fields of physics, 
chemistry, and other sciences. It is true that our whole present-day 
chdlization rests on these basic inventions. However, mechanical power 
is necessary for the utilization of these basic inventions. Transportation 
in all its forms, mining, manufacturing, and, in fact, our food, our clothing, 
and our shelter are made possible because we have learned to utilize 
mechanical energy. Not only has the utilization of energy other than 
muscular made possible our chdlization, but the degree of our development 
can be determined by how extensively we use mechanical energy. There 
is an excellent correlation between the material wealth of a nation and its 
installed horsepower. 

1—2. Sources of Mechanical Energy. — ^^^arious sources of energy have 
been utilized to produce mechanical power. For centuries, the Dutch have 
utilized xoind power to pump water from their lowlands behind the dikes. 
The intermittent nature of the wind, together with the necessity of large 
structures, has prevented further development of wind-power plants of 
any appreciable size until quite recent ty. In 1941 a 1000-kw^ wind- 
turbine power plant w'as installed on Grandpa^s I^ob in Vermont. Much 
operating data w’ere obtained before it threw' one of its blades in 1945. 
How'ever, because this w'as an experimental machine, the installation costs 
of large commercially made machines are as yet unknowm; and, although 
some engineers feel quite confident of the ability of ^Yind turbines to com- 
pete in the future with other types of prime movers, final decision on the 
economic value of wind power must w^ait for further information. 
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The difTerence between high and lo^ tides ^n^cs grcatlj in \anous 
parts of the world In gome localities this difTerence is largo and maj 
exceed 30 ft By Mrtue of this difference between high and low tides, 
power may be generated xn small quantities intermittently To generate 
a large amount of power continuously, such large storage basins arc 
required that the initial costs of tidal poucr plants are exccssiv c This high 
initial cost plus the lack of a ready local market for electrical power led 
the United States Go\ emment to abandon the large tidal power project 
started in the Possamaquoddj Bay on the northeast coast of Maine in the 
early nineteen thirties 

It has been estimated that the energy received by the earth from the 
sun in an hour is equivalent to the heating value of 21 billion tons of coal 
Thus, in a penod of 3 hr the earth receives from the sun an amount of 
energy which is equivalent to the heating value of all the coal consumed 
annually in America Attempts have been made to utilize this solar energy 
Model power plants have been constructed, in which mirrors focus sunlight 
on water so as to produce sufficient steam to actually run model steam 
engines Although the energy receiv ed by the entire earth is tremendous, 
the energy received per acre of the earth’s surface is very small, particularly 
as the hours of sunshine arc a rather small per cent of the total time The 
ongmnl costs of devices for collecting and transforming solar cnergj arc so 
large m comparison to the final mechanical energy delivered that solar 
power seems out of the question at present It is possible that other means 
of collecting and storing solar energy maj be found Rc'^carch has been 
initiated along this line m the field of photo-clicmistry and jihoto-clec- 
tricitj, but there is not jet sufficient evidence to permit any deductions in 
regard to the economical feasibility of direct use of solar energj 
In tho last few years, attention has been focused on fiydraidic power 
Enormous projects have been developed by the Federal Government on 
the Tennessee, Colorado, Columbia, Missouri, and Sacramento River- 
Parts of the costs of many of these projects w ere chargeable to flood control 
measures or to irrigation works Under these conditions hydraulic power 
costs are low However, the sites available for hydraulic power plants 
are limited m number and in many cases, because of the local topography 
of the region surrounding a nver, the installation costs of hydraulic power 
plants arc so great that such plants cannot compete with steam power 
plants 

It should bo evident that, although there are many natural sources 
from which wo may donve mechanical energy, it is not feasible econom- 
ically to derive the major portion of needed mechanical energy from the«« 
sources Hence, our civilization must depend on heal pmeer developed 
in engines receiv mg energy from burning a fuel, such as coal, oil, or gas, 
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or — ^for the future — ^from energy released by atomic fission. Although 
it has been shoiiMi that power can be produced by atomic fission, much 
development work must be done before commercial power will be pro- 
duced by this means. Some major problems are (1) proper shielding to 
prevent the escape of radioactive particles, (2) operating and maintain- 
ing equipment from outside the shielded furnace, (3) developing metals 
and other materials to stand the continuous bombardment of the radio- 
active particles, (4) developing a suitable working substance, and (5) dis- 
posing of the highly radioactive wastes. The solution of all these problems 
uill not assure yddespread commercial use of atomic energy, as there is 
much imcertainty about the amounts of fissionable materials available, 
about the cost of preparation of the usable fissionable “fuels,” and about 
the original cost of an atomic power plant. 

To develop mechanical energy in a “heat” engine, it is necessaiy to 
have (1) a source of heat, or a hot body, (2) an engine, (3) a “heat” sink, or 
a cold body, and (4) a working substance. The working substance picks 
up heat from the hot body and, by suitable changes of state in the engine, 
transforms part of the heat it receives into work. The rest of the heat 
received from the hot body is rejected to the cold body. The hot body is 
maintained at the desired temperature by combustion of a fuel. For an 
internal combustion engine, the fuel is burned within the engine and the 
products of combustion are both the hot body and the working substance. 
If atomic power is developed, atomic fissionable material will replace the 
fuel. It appears that the rest of the heat-engine setup will remain as it 
is at present. 

Thermodynamics includes all heat-work transformations. It deals 
with working substances (vapors, gases, and Hquids) xmder all conditions. 
Of particular importance is work produced by means of heat engines. 
Before the heat-work transformations are considered, it is desirable to 
re\dew certain concepts, such as forms of energy and the various terms 
commonly used in thermodynamics. 

1-3. Definitions of Commonly Used Terms — Several terms already 
used in physics will be defined here for convenient reference. 

Properties of a substance are those quantities that define the substance 
and its state. 

State of a substance is the condition of existence of the substance. 

Phase of a substance is the nature of the condition of the substance. 
A substance may be in the gaseous phase, the liquid phase, or the solid 
phase. 

Force, F, is a push or a pull which tends to change the motion of a body, 
in either magnitude or direction, or in both. 
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Mass, M, denotes the quantitj or amount of matter in a bod> T!io 
larger the mass of the bodj , the greater resistance it offers to a change in 
tnotioa uhen acted upon b> a gi\ en force Thus, one maj «iee the relation 
betnecn force and mass The umt of force is that force uhich produces 
a certain acceleration of a umt mass ^VIso, the total force is the product 
of mass M and acceleration a, or 


F=Ma 


UXdg el) 
d(time) 


( 1 - 1 ) 


In the English sj stem, the usual unit of force is the pound, and the unit 
of acceleration is feet per second per second or feet per second squared 

The force of graMtj acting on a freely falling bod^ m a \acuum pro- 
duces an acceleration of 32 17* ft per sec' From equation 1-1 it may be 
seen that the force of gra\uty, in pounds, is 32 17 times the mass of the 
bodj 

The wejffht, IT, of a body is equal to the force cMsting betneen tho 
earth and the body As the force of gravity is taken as 32 17 times the 
mass of tho bodj , the n eight of the bodj , in pounds, is also 32 17 times the 
mass of the bod^ Hence, 

17 M 


or 


(1-la) 


TTori, Wk, is the energy tran'^mitted to a body uhen a force applied 
to the bodj causes a displacement against a resistance or causes an accelera- 
tion of the body The v-ork done equals the product of the force and the 
distance, L, through uhich it acts uhen in motion, or 

VTk^FL ( 1 - 2 ) 

The common umt of work is the foot-pound, abbreviated ft-lb 

Pmver is the time rate of doing work The work required to raise an 
elevator to the top of a building is a definite quantit>, regardless of the 
length of time required If the time available is long a small motor will 
suffice, but, as the time av ailable is reduced the size of the motor must be 
increased so that it will do more v\ ork m a unit of time In a mechamuil 
sense, the unit of power is known as the horsepower (abbrevnated hp), which 
lb equivalent to 33,000 ft lb of work per mm 

• Th« figure vanes vnlh the locality but aa the variation rarely exceeds } per cent, 
ilniaj be neglected. 
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The electrical unit of power is the watt or the kilowatt (abbre\^ated 
kw), which is equal to 1,000 watts. The relation between the horsepower 
and the kilowatt is 

1 hp =0.746 kw (1“3) 

Pressure j P, is defined as the force per unit area, or 

F 

^=4 (1-4) 


Pressure may be expressed in either pounds per square inch (abbre^dated 
psi) or pounds per square foot (psf), the choice depending on the units 
used for the area. 

Large pressures normally are measured b}^ means of a pressure gage. 
The common type of pressiue gage, called the Bourdon tube, consists of an 
elliptical tube bent in the form of a semicircle and closed at one end. The 
closed end is free to move. Attached to the free end is a linkage which in 
turn is connected to the needle on the gage dial. The movement of the 
needle is proportional to the movement of the closed end of the tube. The 
open end of the tube is connected to the source of pressure. As the outside 
of the tube is surrounded by the atmosphere, the movement of the closed 
end depends on how much the measiued pressure is above or below atmos- 
pheric pressure. Thus, a pressme gage reads pressures above or below 
atmospheric. The pressure read on a pressure gage is termed gage 'pressure. 
Pounds per square inch of gage pressure is abbreviated psig. 

As air has mass, and hence weight, each particle of air exerts a pressure 
on the air beneath it. Under standard atmospheric conditions the air 
exerts a pressure of 14.7* psi. The pressure of the atmosphere varies 
not only with the locality' but also v\ith the atmospheric conditions; it is 
determined by means of a barometer and is often called barometric pres- 
sure. In order to obtain the total or absolute pressure (pounds per square 
inch absolute is abbreviated psia), the atmospheric pressure must be 
added to the gage pressure. Thus, 


P abs — P gaEei“Pa 


(1-5) 


If the pressiue is less than atmospheric, Pgage is negative. 

When pressures are small thej^ are convenient^ measured by balancing 
them against colunms of various fluids. A common method is to use a 
U-tube manometer, one end of which is connected to the source of pressure 
and the other end being open to the atmosphere. The difference between 

* The e.^:act figure is 14.696, but 14.7 is sufficiently close for most en^neering calcula- 
tions. 
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the heights of the columns of liquid m the two legs of the U-tubo is pro* 
portional to the pre«isure abo\ e or below atmospheric Tlie force exerted 
on a gu en area bj a column of a liquid equals the weight of the fluid aboxc 
that area The pressure, in pounds per square mch, everted hj a column 
of a fluid 1 mch high equals the weight of the fluid in pounds di\ ided bj the 
cross-«cctional area in “square inches This quantity equals the weight per 
cubic inch, which is the weight dcnsitj * 

The gage pre-^sure indicated bj a manometer equals the product of the 
density of the liquid and the difference m height of the tw o columns, or 
P=densit} Xheight (1-6) 

As mercur 3 weiglis 0 491 lb per cu in ,t a column of mercurj 1 incli 
high exerts a pressure of 0 491 psi Water w eighs 02 4 lb per cu ft t 
Hence, a column of water 1 foot high exerts a pressure of G2 4 psf or 
0 433 psi 



The relation of gage pressure and absolute pressure is represented in 
Fig 1-1 In ca'^e the pre<!surc is atmospheric, there is no vacuum If the 
pressure is a little less than atmosphenc, a shght vacuum is said to exist 
If the pressure is close to absolute zero^ there is a high vacuum Thus^ 
vacuum is u<cd to determine how much a pressure is below atmosphenc 
^ acuums are generallj cxpre«'=ed in inches of w ater or inches of mercurj , 
whether thej are determined by means of a manometer or a Bourdon- 
tube gage 

Fo/unic, F, 13 the space occupied bj a substance IMien gases or 
V apors arc considered, v olume is normallj expressed m cubic feet Speafie 
volumf, r, 13 the volume of a unit v\eight of the substance, common units 

* W cijsht dcasity w the weight of a unit volume It w nwgntze*! that wme authon- 
ties re<tnct the terra derwitv to mass den.«itj the nuiM of a unit volume However 

ra accordance aith cotoraon. etiginecnng practice, the term density used in this text will 
refer to a eight dcnsitv 

t At 32 F This figure vanes ehghtl) with the temperature 
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being cubic feet per pound. Density is the reciprocal of specific volume 
and has as units pounds per cubic foot. 

The concept of temperature vnM be more readily understood after the 
definitions of heat and molecular kinetic energy are established. Hence, 
temperature will not be discussed until the end of this chapter. 

1“4. Forms of Energy. If a substance has the ability to produce 
physical or chemical changes, this substance is said to possess energy. In 
a restricted sense, energy is often defined as the ability to do work. In 
some forms energy is stored in a substance; in other forms energy may be 
transferred from one substance to another substance. Thus, energy may 
be classified as stored energy or energy in transit. 

(a) Stored Energy: The energ^^ of elevation is known as 'potential 
energy (P.E.). When an object is elevated, work is required to overcome 
the gravitational force existing between the object and the earth. In 
its new position it possesses the energy required to elevate it. Its potential 
energy has been increased by the work done on it. 

The amount of potential energy stored in an object in a certain position 
depends on the position in which its potential energy would be considered 
zero. Since the position in which the potential energy would reach abso- 
lute zero cannot be readily established, the engineer does not attempt to 
determine the absolute value of the potential energy of an object. A rela- 
tive value is satisfactory. The same is true for many other forms of stored 
energy. Furthermore, when the elevation of an object is changed, the 
engineer is interested only in the changes of the energy’’ stored in the object 
(f.c., the energy which the object vdU give up or vdU receive as it changes 
elevation). For these reasons, the potential energy of a body is evaluated 
above some arbitrary datum plane, quite often the lowest elevation that vdll 
be encountered in a given problem. Potential energy equals the product of 
the weight of the body (a force) and the distance above the datum plane. 
Thus, 

P.E. = TFXheight (1-7) 


In the English system of units, the weight is normally taken in pounds, 
and the height is taken in feet. The product, which equals the potential 
energy, is in foot-pounds. 

A body in motion is said to possess kinetic energy (K.E.). This is the 
energy required to accelerate the body from rest (in relation to the earth) to 
its given velocity. The kinetic energj’’ equals one-half the product of the 
mass of the body and the square of its velocity. A^ the engineer generally 
deals vdth weights rather than masses, kinetic energy is expressed as 


, _W(Vel) 
2 ^ 


( 1 - 8 ) 
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In the English -sj stem, TT is m pounds, Vel is in feet per second, and g is 
32 17 feet per second per second lunctic cnergj is thus in foot pounds. 

Manj demonstrations may be made to show that ‘substances arc com- 
posed of extremely small particles called molecules and that the*;© are in 
continuous motion Molecules possess kmetic energy by Mrtuc of their 
motions If molecules are clo'^e together, there is interraolecular attrac- 
tion IVTicn molecules are separated thej acquire the cnergj required to 
‘vparate them The energj thus acquired is of the potential form TJic 
cnergj possessed by molecules is often called intminl* or intrinsic energy 
and 13 designated bj the symbol U The subscript k is used to designate 
the hmetic portion and the subscript p is used for the potential portion 
Thus, 

U=Ui+U^ (1-9) 

Wien there is a chemical reaction, atoms of one substance combine 
mth atoms of another substance, energj being released or absorbed This 
enei^ is knoum as chemical energy and is designated as Ch E The 
mechanical engineer is particularly interested in the chemical energj of 
fuels 

The electncal engineer has been concerned uith svh-alomic energy m 
Nanous forms such as static electricitj and lomzed substances There 
are manj indications that sub-atomic energy, released by atomic fission, 
maj plaj a icrj important role m poucr generation m the future 

(6) Energy in Transit 71 ork is accomplished uhenever a force acts 
througli a distance If the force applied to on object is exactly equal to 
a restraining force acting on the body, so that there is no motion, work 
cannot be done But, if there is an unbalance of forces, uork is done bj 
Nurlue of energj being transferred to the object Work is, then, the 
energj transferred because the unbalance of forces causes motion or 
change m motion 

Ileal, up to a little oxer one hundred years ago, ixas thought to be an 
imponderable fluid — a substance mthout "weight or moss — which, xvhen 
added to an object, mcrca«ed its temperature Jfanj of the definitions 
concerning heat and temperature which arc m common u^c today arose 
at that time Tor mstance, if some of this imponderable fluid (heat) was 
added to an object, the object was said to contain more heat Today, 
although it 13 rcalizetl that substances are compo^ of molecules and that 
one result of addition of licat may be the increasing of molecular energy, 
many people the term ‘heat” interchangeably for that which has 

♦ AllhouRh vKc terra ratenval raean* in the ftnet «nsc all (onas ot energj ttored 
within a body il5 use in Ihts text will be restneted to the energj of inoIccule<i a whole 
rather than to include sub-moloeubr energj 
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been added and for the energy increase of the molecules. This use is very 
unfortunate and confusing, as the energy of the molecules may be increased 
vdthout adding an3^ heat. For example, as air is compressed in a bicycle 
pump, its mean molecular energy is increased by virtue of work done on it 
and not because of addition of heat. To distinguish between heat and 
molecular energy, most modern authors of texts on Thermodynamics and 
on Physics have agreed on the following conception of heat: Heat is 
the e7iergy transferred from one place to another place because of a temper- 
ature difference existing between the two places. 

The unit of heat called the British thermal unit, Btu, was originally 
defined as the amount of heat required to increase the temperature of 
1 pound of water 1 degree Fahrenheit, Because this quantity varies vdth 
the water temperature, it is necessary to specify the water temperature 
to be used. Lack of agreement on which temperature to use led to the 
use of the mean Btu. This is defined as times the amoimt of heat 
required to increase the temperature of 1 pound of water from 32 F to 
212 F at atmospheric pressure. Realizing that it is undesirable to express 
the unit of heat (wliich is an energy quantity) in terms of the properties of 
water, the International Steam Table Conference, held in London in 1929, 
defined the calorie in terms of the International watt-hour. This is 
equivalent to defining the Btu as 778.16 ft-lb. 

The concept of temperature must be introduced here. If two bodies 
having the same mean molecular kinetic energies are brought in contact 
with one another, their mean molecular kinetic energies are unchanged.* 
But, if the mean molecular kinetic energy is higher in one body, there vail 
be a flow of energy (heat) between the two bodies until there is equaliza- 
tion of the mean molecular kinetic energy. In the first case we say that 
the bodies are at the same temperature. In the second case we say that 
the temperature of the body vnth the high mean molecular kinetic energy 
is higher. 

Temperature may be defined as a measure of the mean molecular kinetic 
energy of a body. It is, however, more than that. It is the driving 
force which causes that form of energy called heat to flow from one place 
to another place. 

Two common scales of temperature are in use today, the centigrade 
and the Fahrenheit. In each case, the unit is called the degree. The 
centigrade degree of temperature is times the difference between the 
temperatures of freezing water and boiling water at atmospheric pressure. 
The zero on the centigrade scale is taken as the temperature of freezing 
water at atmospheric pressiu’e. The Fahrenheit degree of temperature is 

* Provided, of course, no chemical change occurs. 
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jaff tunes the difFercnce between the temperatures of freezing water and 
boilmg water at atmospheric pre<«ure The zero on the Fahrenlieit scale 
IS 32 degrees below the freezing temperature of water, being the lowest 
temperature that Fahrenheit was able to achie\e with the means at hand 
The following equations express the relations between centigrade and 
Fahrenheit temperatures 

F = lSC-^32 (1-10) 

or C=^(F-32) (1-lOa) 

m which F is the number of Fahrenheit degrees and C is the number of 
centigrade degrees 

Tlie sjTnbol i will be used for temperature The subject of absolute 
temperature wall be discussed m Chapter 2 Absolute temperature will 
be sjunbolized by T 

TABLE 1-1 
FORMS OF FKERGV 



Stored 

! 

In 

I 

In bodies 

I 

Work 


(o) Potential 

n 

Heat 


( 6 ) IimctiC 

III 

Electrical Energy 

II 

In molecules 




(a) Potential 




(h) Kinetic 



HI 

In atoms (chemical) 



IV 

Bub-atomic 




Tlic exact nature of radiant energy is subject to debate Some authon- 
ties haie felt that radiant energy is energj shot out of a body in a senes 
of small amounts known ns <juan£o These quanta tra^ cl through space, 
through air, and e\en through glass wathout matenalb increasing the 
temperature of tho'^e media. The energy rccen ed by the earth from the 
sun. IS radiant energy ^«lueh heat may be transferred by radiation 

Another form of energy m transit is clcdrtcal energy It is that energy 
transferred through a conductor because of a difference in electneal 
potential existing at the two ends of the conductor 

1-5 Energy Transformation — The Law of Consen ation of Energj 
states that cnergj cannot be created or destrojed but maj be transformed 
from one form into another • The changes from one form to another are 
going on continuoush in nature A pendulum at the start of its swing 

* It 13 realucd that when the atom h eplit \a5t quanlUies of energj are released a* 
part, of the mass of the atom « transformed into cnergj or viec versa Thu statement 
howewr, eimpl) broadens the concept of the Law of Consen ation of Energy which after 
all IS simply the method of accounting for energy being tran«fortned 
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possesses potentisl energy. As it falls, hs potential enei^* decreases, bems 
converted into Idnetic energy. This kinetic energy becomes a mn-nmum 
at the bottom of the spring and is then transformed back into potential 
energy by the time the end of the sving is reached. A more complicated 
e xamp le is the case ot a steam-pover plant. Radiant energy, received a 
long time ago from the sun. was stored as chemical energy in coal. This 
energy is released when the coal is burned, and is given to the gaseous 
products of combustion, greatly increasing their molecular kinenc energy. 
By virtue of the high temperature of the gases, heat is transferred to the 
water in the boiler, turning it into steam. The steam carries with it its 
energy (molecular) as it passes into a steam engine or turbine. Here some 
of the energy is transformed into work. K a generator is driven by the 
engme or turbine, this work is transformed into electrical energy. As such, 
it is transmitted by means of wires and may be reconverted to mechanical 
energy (work) before being used. In each of these steps, the conversion of 
energy is incomplete, the energy not transformed passing oE as heat and 
increasing the temperature of the air or the earth or other surroxmdings. 

The First Law cf Therm o dynamics. — The First Law of Thermo- 
d 3 rnamics recognizes that heat is a form of energy and, as such, may be 
converted into other forms. A common form of this law is : Heat and work 
are mutualLy convertible in fixed quantitative relationship. 

The First Law can be demonstrated experimentally in many ways. 
Joule demonstrated rhis law indirectly when he demonstrated that heat was 
a form of energy. He arranged paddles in a tank of water and coxmected 
the paddles to an overhead weight by means of a rope and pulley. As the 
weight descended, it turned the paddles, agitating the water and increasing 
its temperature. The falling weight gave up its potential energy and pro- 
duced the same eSect on the water as if a definite quantity* of heat had been 
added. In this and in other experiments of a similar nature. Joule mea- 
sured the work done and the increase in temperature of a known quantity of 
water. By this means he formulated his mechanical equivalent of heat, 
which was remarkably close to the true value of 77S-16* ft-Ib per Btu, 
particularly when his crude apparatus is taken into account. 

The First Law of Thermodynamics may be demonstrated by* making an 
energy balance on any* ‘"heat^^-engine plant. If. in the case of the steam- 
power plant mentioned in Art. l-o. the heat passing into the steam was 
measured and an accurate accounting was made of all heat lea^nng the 
steam or water at any point, it would be found that the portion of the heat 
added which was otherwise unaccounted for would exactly equal the heat 
equivalent of the work produced in the engine. 

* Fcr me St ’^rk, the v'jJue < VS may be osed. 



CHAPTER 2 


EQUATIONS OF STATE FOR PERFECT GASES 

2— !• Boyle’s Law and Charles’ Law. — The early chemists did con- 
siderable experimental work concerning the compression and expansion of 
gases, together wdth the production of changes in pressure, volume, and 
temperature accompanying these compressions and expansions. 



Fig. 2-1. Relation of Pressure to Volume of Gas at Constant Temperature 

Boyle worked with gases, such as air and nitrogen, and found that, if 
he compressed them while keeping the temperature constant, the pressure 
(absolute) was inversely proportional to the volume. Curves showing the 
relation between P and V for three different temperatures are shown in 
Fig. 2-1. Thus, for 40 F, 

Pi7i=P272=C* 

Similarly, for 540 F and 1040 F, 

P676=P676 = (7" 

* Values of the constants C, C', and C" depend on the kind of gas, the amount of the 
gas, and the gas temperature. 
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Charles, working with similar gases, found that when he heated or 
cooled a gas at constant volume the change in pressure was proportional to 
the change in temperature. This means that a plot of observed tempera- 
tures versus obsen^ed absolute pressures at constant volume will be a 
straight line, as shown in Fig, 2-2. 

When Charles heated or cooled these gases at constant pressure, he 
foimd that the change in volume was proportional to the change in tem- 
perature. At constant pressure, the plot of voliunes against temperatures 
will be a straight line, as indicated in Fig. 2-3. 

It is to be noted that when the volume lines in Fig. 2-2 are extended, 
they come together at zero pressure (absolute). The temperature at 
which this occurs is approximately 460 degrees below Fahrenheit zero. 
In a like manner, the extended pressure lines in Fig. 2-3 come together 
at zero volume, which is also approximately 460 degrees below Fahrenheit 
zero. These graphs were plotted for air, but other gases, such as oxygen, 
nitrogen, hydrogen, and helium, vdll produce similar results. As it is 
impossible to conceive of a gas ha^dng less than zero volume, it is impossible 
to conceive of a temperature less than 460 degrees below the Fahrenheit 
zero. Temperatures measured above this point are known as absolute 
temperatures. If the unit of temperature is the Fahrenheit degree, the 
absolute temperature is given as degrees Eankine (°R). If centigrade 
degrees are used, the absolute temperature is spoken of as degrees Kelvin 
(°IQ. According to the latest evaluation of absolute zero, obser^^ed 
temperatures may be converted to absolute temperatures as follows: 

E = F+459.69* (2-1) 

K=C+273.16* (2-2) 

in which B, F, K, and C represent numbers of degrees in the respective 
sj'stems. 

If scales of absolute temperature T are used for ordinates in Fig. 2-2 
and Fig. 2-3, it may be seen that at constant volume Charles’ law may be 
expressed as follows: 

^=^=C and ^=^=C' 

I I 12 1 z 1 ^ 


At constant pressure, Charles’ law may be expressed as 

rp rp G and rp 7 ^, ^ 


2-2. Characteristic Equation for a Perfect Gas. — During most 
actual changes of state, there are changes in pre$sure, temperature, and 

* For most work, the value 460 or 273 maj’’ be used. 
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\olume of the gas Under these conditions, Boyle’s and Charles' laws 
cannot be used Ne\eTtheless, a relationship between the pressure, 
temperature, and volume is desired This may be obtained as follows 
Let the graph in Fig 2-4 be drawn for 1 pound of a gas Select any 
point on this graph and caU it point 1 A relation between the pressure, 
temperature and \olume at this point and those at any other point, as 
point 2, IS desired Point 2 is established by the pressure, temperature, 
and volume selected but any process or senes of processes may be used 



Fjg 2-4 Relation of Pressure, Temperature, and Volume of a Gas 

in going from point 1 to point 2 For example, point 2 may be reached by 
compressing the gas to point 3 at constant temperature until its pressure 
equals that at point 2 and then heating the gas at this pressure until point 2 
IS reached Because process 1-3 is at constant temperature, it follows 
from appbcation of Boyle's Law that 

Pl»l = p3Vj 

Also, by application of Charles’ Law between points 3 and 2, 

t>3 _ Vi 

T, Tt 

If each of these equations is solved for Vi it is found that 
PlVl 
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Thus, 


P\Vi __v^Tz 
Pz ~ To 


But Pz = p 2 and Tz = Ti. Therefore, 


PiVi ^ v^Ti 

P- Tz 



PzVz 

~ft 


Although point 1 is any random point, the pressure, temperature, and 
volume at that point are definitely chosen quantities. Hence, the quantity 


PlVl 

Ti 


is a fixed quantity and is a constant. 


Thus, 


PlVl _ P2V2 


Constant 


To distinguish this constant from other constants, the symbol R is used to 
dedgnate it. The foregoing equation may now be VTitten as : 


PiVi = RTi and Pzib^RTz 


To obtain an equation that is applicable to any weight of the gas, 
each side of either of the foregoing equations may be multiplied by the 
weight TF. The result is 

P^VlW=WRT^ 


But the product of the specific volume v and the weight TT^ equals the 
total volume Y. Hence, 

PV^WRT (2-3) 

As gases are not normally very dense, their volumes are generally 
measured in cubic feet. To be consistent, pressures are expressed in poimds 
per square foot. This introduces some difficult}^, as the pressures are 
generallj^ measured in pounds per square inch. Hence, obsen^ed pressures 
must be converted to pounds per square foot before being used. It is to 
be noted that in the mathematical expressions of Bo 3 de’s and Charles’ 
laws, the pressures and temperatures were both absolute values. Hence, 
when equation 2-3 is applied, care must be taken to use both absolute 
temperature and absolute pressure. 

The units cf R may be determined hy sohdng equation 2-3 for R. In 
the English system, R has the units ft-lb per lb per deg Rankine. It is 
customary", however, not to express the units of R. This is unfortunate 
in a wa^’’, as the units and hence the value of R will depend on the units 
used for other quantities in the equation. 

At given conditions of temperature and pressure, difierent gases have 
different volumes. Hence, each gas has its own value of R, For this 
reason, R is known as a particular gas constant. Values of R are given 
in Table 2-1. In Chapter 13 the universal gas constant is discussed. 
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TABLE 2-1 


>R0T>ERTIES» OR YARlODS GASES 



Chenhcnl 

Formula 

) Molecular 
Weght 

& 

<» 

1 

1 *-7 

Au* 


2S 97 

53 35 

0 240 

01715 

1 1 40 

Oxygen 

O 2 

52 00 

48 3 

0219 

0157 

1 1 40 

Nitrogen 


28016 

552 

0 248 

0 177 

i 1 40 

Carbon monoxide 

CO 

28005 

55 2 

0 248 

0 177 

1 40 

Hydrogen 

1 

2 016 i 

767 

1 3 390 

1 2 404 

1 41 

Hehum 

1 He 


386 

1250 

1 0754 

166 


Example S-1 — Calculate the tank volume required to store 4 lb of air at 140 F 
and at 200 pai, gage Atmospheric pressure is 14 2 psia 

Soluhon — ^The value of if for air as given m Table 2 1, is S3 35 Rearranging 
equation 2-3, we obtain. 

„ WRT 
y^—p~ 

(4)(53 35)(140+460) 

(144)(200+14 2) 

= 4151 r ' 


:t 


2-3 Perfect and Permanent feases -^-Although Boyle and Charles 
based fheir laws on expenments rnaiAe with i.ctual gases, later expenments 
with more refined apparatus showeG\ that no gases obeyed either of these 
laws exactly Some gases showed [marked l 'nations from these laws 
under normal conditions, and all gases showed t 'viations from these laws 
at low temperatures and high pressures How 'ver, many ^ases show 
little deviations from these laws und,er normal conditions of temperature 
and pressure Any gas obeying thes e laws exactly iJi said to be\a perfect 
gas, provided also that it has constant specific he^ (see Chapter 3) 
Thus, equation 2-3 holds only for perifect gases ^ \ 

The early chemists and physicists found that some gasespsuch as 
carbon dioxide, could be liquefied qWte readily Other gases resisted 
bquefaction to a high degree and many could not be liquefied at all with 
the means that they had This led ivem to the conclusion that these 
gases were gases under all conditions a. id hence they termed them perma- 
nent gases Today, all known gases ha '^e been hquefied, hence, the term 
permanent gas is a misnomer Howe ver) the term permanent gas has 
been, retained because, for gases thus ch ssified, the charactenstic equation 
for perfect gases (equation 2-S) may be \ >sed for most engineering purposes 
under normal conditions of temperatures and pressures Some of these 

*The pi» comtinti ,n detortoincd at 14 r psia ec d «<>» 
aonstants eaMiot vary Th» values of R have umts of^ Lt-Ib 

preMUres intwuDds per e<iuare foot voJuaias ju cubic feceT gbts Id w id^ # <lcgre« 

iRanlone Tbe valuS td Bp«a&e Lsate e, and e, are m Wt V P*' Fahrenheit 
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so-called permanent gases are air, ox^^gen, nitrogen, hydrogen, helium, 
and carbon monoxide. 

In the discussion of gases in the first four chapters of this text, the 
equations derived vrill be those for perfect gases. Hovrever, some equa- 
tions, bj^ their very nature, will hold for all gases and also for liquids. No 
separate equations vtU be used for imperfect gases until Chapter 14. It is 
to be assumed in solving problems in these first four chapters that solutions 
are to be based on perfect-gas laws. 

2—4. Polytropic Changes of State. — In the discussion of Boyle^s and 
Charles’ laws, three common processes* have been discussed: the constant 
pressure, sometimes called the isoharic or isopiestic; the constant volume, 
sometimes called the isovolumic or isometric] and the constant temperature, 
often called by the misnomer isothermal. In addition to these three changes 
of state, many processes in practice approach an adiabatic change of state. 
Such a change of state was defined by Clausius as “any change occurring 
within an envelope impermeable to heat.” In other words, an adiabatic 
process is one in which no heat is added or removed during the process. 

In actual cases, some heat is generaU}’ added or removed and there are 
also changes in pressure, temperature, and volume. It has been found 
that actual compressions and expansions obey the equation PV^=C fairly 
well, proWded that the proper value is selected for the exponent n. Because 
n may have so many values, any process obejdng this law is called a 
polytropic process (many forms). 

This general P-V relation holds for the special processes just mentioned. 
It may be vTitten as follows : 

(2-4) 

When n=0, Pi^Pn — C] or the pressure is constant when n=0. 

'When 72 = 1, PiVi=P 2 Vz=C, which is the P-V relation set forth by 
Boyle for a constant temperature; or the temperature is constant when 
n=l. 

Taking the Tith root of equation 2-4, we get 

JL _1 

When n= CO in this equation, Vi=V 2 = C] or the volinne is constant 
when n= co . 

The value of tz in an adiabatic process will be determined in Chapter 3. 

In Fig. 2-5 are shown cur\’es representing many polj’tropic changes of 
state, with the proper value of 7i placed on each cur\'e. It should be noted 
that the values of n on the various cun'es increase in an orderly manner, 


A systematic change of state. 
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from negative infinity to positn e infinity As the value of n increases from 
zero, the slope ^ has a larger negative value Once the value of n is 

known, the curve may be spotted in roughly on Fig 2-5 without the 
necessity of calculations This will give a qualitative idea of how the 
pressure and the volume vary with respect to each other 



Fig 2-S Polytiopic Changes of State 


The pressure temperature-volume relation for polytropic changes of 
state between states 1 and 2 may be evolved by writing the characteristic 
equation of state at each of these points Thus, 


PiFi* WRTx and WRT^ 

or Ml=WR^nd^=WR 

i J, 12 

Therefore, as shoTVTi in the derivation of equation 2-3, 

Ti Ti 


(2-3a) 


Although the exponent n does not appear in equation 2-3a, tbw 
equation is none the less valid for all polytropic changes of state, the 
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temperature T taking the place of n in expressing the pressure-volume 
relation. 

Equation 2-4 should be rearranged as follows before it is used to solve 
problems: 


P2 



( 2 ^ 0 .) 


It is suggested that, in case Vi is greater than Eg, the fractions on both 
sides of the equation be inverted because the average student can handle 
whole numbers to powers more readily than fractional numbers. In case 
the fractions on both sides are inverted, the exponent remains unchanged. 
If only one fraction is inverted, the sign of the exponent must be changed. 
In case both pressures are known and a volume ratio is desired, then the 
first step in the solution of the problem is to take the nth root of each side 
of equation 2-4a. This procedure may be illustrated in the following 
example. 



Example 2-2 . — Calculate the compression ratio (ratio of the volume before com- 
pression to the volume after compression) necessary to raise the pressure in a diesel 
engine to 400 psi, gage. As indicated by the graph in Fig. 2-6, compression obeys the 
law — There is a vacuum of 1 psi at the start of compression. 

Solution.— As the barometric pressure is not given, standard barometric pressure 
will be assumed. Thus, Pi = 14.7 -1.0 = 13.7 psia and P2=400-|- 14.7 =414.7 psia. 
Rearranging equation 2-4a, we obtain 
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Ads. 

Relationships of pressures and temperatures and relationships of 
temperatures and volumes are also desired These may be found as 
follows: 

RiTT=P 5TT; Piri = Trii:ri or and 


PiVs^JVRTz or P: = 


WRT, 


Therefore, 


r. 


Vi r, 


rirrTT'= TsTVTT' 

Yr(M) 

Starting again with PiTT=PsE* and with T"i— — and Fa= 
e obtain 

PiP^* == PjP, " r,“ 


(2-5) 


WRTi 
Pi ' 


(2-6) 


Example f-S— The eompre^ioa m a gasolme engine obeys the bw Pr>*=(7. 
Calcubte the Tn.inmnm allowable compression ratio if the temperature at the end of 
compression is not to exceed 500 F. The initial temperature u. 120 F 

^bfutum- — ^Rearranging equation 2-5, we get 
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yi{ 5004-46oYs-' ( 96oY = 

Vi \120+460/ “\5S0/ 

= (1.655)3”3=5.36 Ans. 


Exainple 2-4 - — The expansion cun^e in a diesel engine obeys the law PV^-^=C\ 
At the start of expansion, the temperature is 2940 F and the pressiu’e is 600 psia. The 
exhaust valve starts to open at a point where the pressure is 70 psia. What is the 
temperature at this point? 


Solution . — Rearranging equation 2-6, we get 


from which 
Hence, 


Ti \F2/ “\70/ 

T. =3400-^8.5710-2188=3400-^1.600 =2125 R 
/2 = 1665 F 


Ans 


The value of n to be used in predicting conditions at the end of a 
compression or an expansion may be based on a knowledge of values for 
similar machines that have been made and tested. The actual value of n 
to be used in calculating work, heat added or removed, etc. can be deter- 
mined from a knowledge of properties at the beginning and the end of a 
process. Perhaps the easiest properties to obtain are the pressures and 
volumes, which are determined from an indicator card.* 


Example 2-5 . — ^The suction at the point where the cylinder volume is 1.12 cu ft is 
l.O psi. The pressure reaches a value of 446 psi, gage, when the cylinder volume is 
reduced to 0.08 cu ft. Atmospheric pressure is 14.0 psia. Calculate the value of n. 

Solution . — Rearranging equation 2-4, we may write 



c 

II 


460 /1-12Y 

or 

13 \0.08/ 

Hence, 

35.38 = 14« 

and 

n = 1.351 


2~5. The Kinetic Theory of Gases. — The equations used so far have 
been based on experimental observable facts. These equations are 
independent of the conception of molecular existence. If it could be shown 
that molecules are a pure invention of the mind, the science of thermo- 
dynamics would not be affected in the least. However, many demonstra- 
tions may be made to indicate the existence of molecules. To the average 
student molecules have come to be a reality. Because the acceptance of 

* This is really a pressure-volume diagram for the substance within the cylinder. 
The ordinates are proportional to cylinder pressxires, and the abscissas are proportional 
to the piston positions, w^hich in turn are proportional to cylinder volumes. 
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the existence of molecules and a studj of their actions will explain many 
of the fundamental laws of thermodynamics and will aid in the establish- 
ment of more invohed ones, the kinetic theoiy mil now be considered 

To understand molecular actions it is helpful to picture the molecule 
as a spbencal entity, e-ven though it has been shown that the actual 
structure of the molecule is quite complex, particularly m the case of a 
molecule containmg many atoms From expenmental studies, the 
following fi\e hypotheses ha\e been set up regarding molecules and their 
actions when the substance is in the gaseous state 

(1) Under normal conditions, molecules are mo\ing with high i elocities 

(2) They are moving in all directions and with \anous velocities 
Some stray molecules mo\e with extremely high velocities, and 
other stray molecules mov e at relativ ely \ eiy low v elocities Both 
the magmtudes and the directions of the velocities are bemg 
changed by innumerable colli'iions of molecules with one another 

(3) In these collisions, the time of which is extremely short compared 
to the time of umnternipted travel, the Ians of elastic impact are 
follov^ ed perfectly (Behavnng as spheres, the molecules can have 
no frictional effects on one another during impact ) 

(4) Under normal conditions, the length of the path traveled between 
encounters (the mean free path) is, on the average, very large 
compared mth the size of the molecule 

(5) In spite of the random motion of the molecules, the molecules of a 
body as a whole are in a state of djmamic eqmhbnura, there being 
an attracting force — which is ■small to be sure under some condi- 
tions — between the molecules 

The subject of the kinetic theory of gases in its entirety is quite com- 
plex, complete texts havnng been written on the subject However, the 
bare fundamental concepts will suffice for the purpose of this text 

The kinetic theory may also be appbed quite readilj to liquids For 
the purpose of companng the actions of molecules of bqmds with those of 
gases, the follow mg facts may be noted about hqmds 

(1) Molecular size is appreciable m companson with the space mov cd 
through dunng the time of umnterrupted trav el of the molecules 

(2) The tune of impact is appreciable in comparison with the tune of 
unmtemipted travel 

(3) The mtermolecular attractive force is so large that all molecules 
are deflected from their paths by other molecules 

The kinetic theory cannot be applied ■'o readily to solids, particularly 
to crystalhne ones Tlu& fact is not much of a drawback here, as solids 
are infrequently encountered in a study of thermodynamics 
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To formulate postulates concerning the beha'V’ior of gases, by means of 
the kinetic theory, it is desirable to simplify the problem by picturing a 
perfect gas. In a perfect gas, according to the kinetic theory, the follow- 
ing conditions exist : 

(1) Intermolecular attractive forces are negligible. Hence, the 
molecules travel in straight lines. 

(2) The time of impact is negligible in comparison vdth the time of 
uninterrupted travel. 

(3) The size of the molecule is negligible in comparison vdth the length 
of the mean free path. 


Pressure Exerted by Molecules of a Perfect Gas. — Because 
the walls of a containing chamber restrict the motion of gas molecules, 
these molecules exert pressures on the walls. The pressure on any selected 
imit area may be evaluated as follows: 



F=il/a 


in which a = acceleration = change in velocity per unit time = (change in 
velocity per impact) X (number of impacts per unit time). 


Thus, it becomes necessary to evaluate the change in velocity per 
impact as well as the number of impacts per unit time. As the molecules 
are traveling with random velocities in random directions, it is desirable 
to consider first one molecule and the pressure it exerts on a certain plane, 
as Xyz in Fig. 2-7. This molecule is traveling vdth a velocit}^ Vel, but 
only the component of its velocity parallel to OX, or the component YeU, 
can exert a force on plane Xyz. 

When the molecule strikes the plane Xyz, the velocity parallel to 
OX vdll change abruptly from +YeL to --Yelx, or the change vill be 
2 YeL. 

The molecule must travel a distance equal to 2 OX each time it strikes 

Yel. 

plane Xyz. Thus, the number of impacts per unit of time vdll be 

If 7n=the mass of the molecule, the force is 


Fx=7?z 2 YelxX 


YeU 
2 OX 


m 


(VeUY 

OX 


and, for one molecule, 


miVeUY . 

OX * 


(XyXXz)- 


772 (^^elr)' 

~Yol 


^ This section, like others similarly marked (★), ma}’ be omitted in a short course. 
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From this equation it may be seen that pressure is proportional to the 
square of the velocity of a molecule Smce the molecules of a gas travel 
with random velocities, the pressure exerted by all the molecules must be 



determmed by using the average of the squares of the lelocities of the 

2 

molecules (mean root square velocity, denoted as Vel ) If A^=tbe number 
of molecules, the pressure exerted by all the molecules becomes 

Nm Viil 
Vol 

The relation between a \elocity and its three components may be 

expressed as follows ^ ^ ^ ^ 

Vel =Wl,+Vel„+Vel, 

As the pressure must be the same m all directions, 

VilUvri’^-Vel, 

and Vif=3^. 

^”^'"3 Vol 


Then 
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Temperature as Defined by Means of the Kinetic Theory. 
The total weight of a gas is proportional to the number of molecules N 
and the weight id of a molecule. The value of w is different for each gas 
but is constant for any given gas. Then, 

TF 

iY=— -CXT7 

ID 

Hence, pressure may be expressed as follows : 

PXVol=|cxTFXm Wl 

If this equation is compared vdth equation 2-3, which is PV=WRT, 
it may be seen that the two equations are quite similar; but one contains 

the term m Yel and the other contains the term T. This being the case, 

o 

the absolute temperature must be some function of m Yel of the molecules 

2 

Til Yel 

and also of the mean kinetic energy of the molecules, or — ^ — • Thus, by 

comparing the expression for pressure obtained by combining Boyle’s and 
Charles’ laws with that obtained by means of the kinetic theor^^ of perfect 
gases, the following concise definition of temperature may now be given: 
Temperaiure is a measxire of the mean molecular kinetic energy of a substance. 

This definition of temperature leads to a new concept of absolute zero 
of temperature. As long as molecular motion persists, there is some 
temperature. The temperature of a perfect gas (as defined by the kinetic 
theory) becomes zero when molecular motion ceases. As it is impossible 
to conceive of gas molecules ha\Tng less than zero velocity, it is also 
impossible to conceive of a temperature lower than that at which molecular 
motion ceases. This temperature is known as the absolute zero of tem- 
perature. 



CHAPTER 3 


ENERGY EQUATIONS FOR NON-FLOW PROCESSES 


3—1. The General Energy Equation. — ^In practice there are many cases 
in which heat is added to a fluid and causes it to expand and do work. 
In other cases, a fluid is compressed by virtue of work done on it. As it is 
being compressed, some heat may be taken from the fluid. In still other 
cases, a fluid may be heated or cooled at constant volume. Examples of 
some of the foregoing processes are the cooling of air in a tank, the heating 
of water in a boiler before it is put on the line, the compression of air in an 
air compressor, the expansion of steam in a steam engine, and the com- 
pression of the air-fuel mixture in a gasoline engine. In each of these cases 
the fluid may expand or contract, but it stays in its container. Because 
the fluid neither enters nor leaves its container, these processes are classi- 
fied as non-flow processes. 

The law of conser%^ation of energy may be applied to any non-flow 
process. In the application of this law it is customary to omit those 
forms of energy that remain constant in the normal non-flow' process. In 
many non-flow processes encountered by the engineer, there is no change in 
the chemical energy of the fluid in the container.* The fluid as a whole 
does not experience a change in either potential energy or kinetic energy. 
Neither radiant energy nor electrical energy is brought into the fluid or 
removed from it. Thus, the only energies normally involved in non-flow 
processes are molecular energies, heat, and work. If the law of conserva- 
tion of energy is applied to these quantities, the foUovmg equation may be 
set up : The original molecular or intrinsic energy, Ui, plus the net amount 
of heat added between the original and final states, 1 Q 2 , equals the final 
molecular or intrinsic energy, l/o, plus the energy removed in the form of 


work, Wk. Thus, 


Ui+iQ2=C/o+1 


As the work is normally determined in foot-pounds, it must be divided 
by J, or 778 ft-lb per Btu, to make the imits of the equation consistent. 
Sometimes, instead of being di^dded by J, the work is multiplied by A, 
which is the reciprocal of J, It should be kept in mind that the absolute 
value of the molecular energy is not readily determinable and what is 

* An exception to this is a non-flow combustion. In this case chemical energy 
must be taken into account. 
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really desired is the change m molecular energy The foregoing equation 
should therefore be rearranged as follows 

(3-1) 

Note that m this equation iQ* represents the net amount of heat that 
has been added between the original and final states If heat is removed, 
iQz becomes a negative quantity Also, iWk 2 represents work done by the 
fluid as it expands In case work is done on the fluid, iWk 2 becomes a 
negative quantity 

3-2. Specific Heat — In accordance with common engmeenng prac- 
tice, specific heat is a defimte quantity of heat added to a definite quantity 
of a substance and producing a definite result In the English system of 
units it is the number of Btu which must be added to increase the tem- 
perature of 1 pound of the substance 1 degree Fahrenheit If the symbol 
Cx is used for specific heat, the total amount of heat added to a weight W 
of a substance is 

iQ2 = Wcx{T,~T^) (3-2) 

Tables of specific heats of sohds and liquids give one value of specific 
heat for each substance in a given phase * When heat is added to a solid 
or a liquid under normal conditions, there is little change m volume and 
practically no work is done Thus, all the heat which is added is con- 
verted mto intnnsio energy (i e , internal or molecular energy), and there 
IS only one value of specific heat 

In Table 2-1 on page 18, two specific heats are given, Cp and t. These 
designate the specific heat of the substance during a constant-pressure 
process and a constant volume process, respeetu ely It is to be noted 
that the value of c„ is larger than c» In a constant-volume process all of 
the heat added goes to increase the molecular energy, and hence to increase 
the temperature, as no work can be done m the constant-volume non-flow 
process In a constant-pressure addition of heat, part of the heat added 
goes to do work Hence more heat must be added in the constant pressure 
process, per pound of substance, to produce a temperature rise of 1 degree 

When heat is added to a gas, various proportions of it may go to do 
work, the amount dependmg on the process, and hence vanous quantities 
of heat must be added, to increase the temperature of 1 pound of the gas 
1 degree Fahrenheit As there are an mfimte number of kinds of processes, 
so are there an mfimte number of specific heats The subscript x has been 
used m connection with the specific heat, because the specific heat — and 
hence the heat added — ^is unknown until the nature of the process is known 

• Tbia Btatement disregards the effect of temperature on specific heat 
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When the process— and hence the value of n— is known, the value of the 
specific heat may be calculated (see Art. 3-^). The values of the 
specific heats for an adiabatic and an isothermal (constant temperature) 
process may be determined as follows. 

In an adiabatic compression, the work done on a gas goes to increase 
its molecular energy. Hence its temperature is increased, even though 
no heat has been added. Solving equation 3~2 for Cx shows that the value 
of Cx in an adiabatic is zero. 

If a large quantity of heat is added to a definite weight of a gas with a 
small temperature rise, the specific heat, by equation 3-2, is large. As the 
temperature rise is decreased, the value of the specific heat increases, 
approaching a value of infinity as the process 
approaches a constant-temperature one. 

3-3. Reversible Processes. — ^In Fig. 3-1 is 
shown a vertical insulated cylinder containing a 
gas under pressure applied by a closely fitting 
piston carrying a weight TF. Because of its 
pressure, the gas has ability to do work. If the 
entire weight could be removed instantaneously, 
the piston would immediately shoot upward. 

However, if the piston is considered to be weight- 
less and the space above it is assumed to be a 
perfect vacuum, the expanding gas can do no Insulated Cylin- 

work. Nevertheless, to restore the gas to its der Containing Gas 
original state, work must be done on it from the 

outside. Free expansion, such as that resulting from the removal of the 
weight, is therefore undesirable because it uses up some of the ability of 
the gas to do work. This fact may be stated in another way by sa3dng 
that the gas has less ability to do work after the expansion. 

If the weight shown in Fig. 3-1 is di\dded into two equal parts and only 
one half is removed instantaneously, the gas whl expand to some extent 
and will do some work. If the weight is divided into four equal parts, 
instead of two, and the parts are removed one at a time, the expansion 
will be more gradual and more work will be obtained. As the original 
weight is divided into more and more smaller parts, the amount of work 
obtainable increases. The maximum amount of work will be performed 
by the gas when each part of the weight becomes infinitesimally small. 

When the entire large weight is remove^ at once, a non-uniform con- 
dition exists within the gas. The pressure on in contact with the 

piston tends to be lower in value than that at the bottom of the cylinder. 
Because of non-uniformity of pressures, there will also be a non-uniformity 
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of temperatures Therefore, it is not possible to specify the state of the 
gas within the cylinder during such an expansion Furthermore, to bnng 
the gas back to its ongmal condition, much energy, m the form of rvork, 
must be brought m from the outside On the other hand, when the infini- 
tesimally small weights are removed one at a time, equilibrium iviU exist 
throughout the gas and its state may be specified at all tunes dunng the 
expansion At any tune during this expansion the gas may be brought 
back to its ongmal state by mtroducmg only an infimtesimal amount of 
work from the outside Such a process, that is, one in which the gas will 
substantially of its own accord return to its ongmal state, is known as a 
reversible process 

A reversible process is a hmiting process As fnction, turbulence, and 
pressure differences are minimized, a process approaches reversibility It 
will be shovTi in Chapter V that whenever there is heat flow, there will be 
non uniform conditions at any instant and the process vnll be irreversible 
if the temperature differences causmg heat flow are fimte ones As these 
temperature differences become smaller and smaller, the heat-transfer 
process approaches reversibihty 

In practice no process is a reversible one However, it is desirable to 
study reversible processes because they are criteria of perfection In an 
expansion a reversible process will indicate the maximum possible amount 
of work obtainable In a compression such a process will show the mini - 
mum amount of i\ ork required Some processes in practice approach the 
reversible one so nearly that no senous error will be made by assuming 
them to be reversible 

Because the state of a u orkmg substance cannot be specified during an 
irreversible change of state, an irreversible process will he shown by broken 
lines when plotted The broken line does not indicate the actual path 
taken by the substance betneen two states, and this fact must be kept m 
mmd continually 

3^ Work m Terms of Pressure and Volume — ^In the fundamental 
equation for work, Wk^FXL, it is assumed that the force F, acting 
through the distance L, is a constant one In most cases, as gases or vapors 
expand or are compressed m a cylmder, there is a vanation m their pressure 
Hence, the force acting on the face of the piston vanes, and the equation for 
work must be modified to allow for this varymg force 

Let the piston m Fig 3-2 move an mfinitestimal distance, dL Dunng 
this extremely small movement of the piston, there will be no appreciable 
change m pressure, and tha force F will act on the piston during this motion 
The infinitesimal amount of work done is 
d(Wk)=FdL 
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Since F^P A, where A is the piston area, 

d{mi)==PAdL 

But, AxdL = dVj where dV is the volume swept through during the 
motion dL, Hence, 

d{'Wk)==PdV 

The work done on the face of the piston as it moves from the initial 
state to the final state equals the summation of infinitesimal amounts of 
work during the infinitesimal piston motions. Thus, 


and 



(3-3) 



In equation 3-3, the pressure P is the pressure which acts on the face of 
the piston. This equation is based on the assumption that the process is 
a reversible one, so that the pressures can be specified for the entire process. 
If the process is so close to reversibility that the pressure on the face of 
the piston is known at aU times, the work can be evaluated by use of equa- 
tion 3-3. It should be noted, particularly for a high-speed engine, that the 
pressure exerted on the piston may be less than the pressure exerted on the 
cj^linder walls. Frequentty, an internal-combustion engine contains one 
or more auxiliar}" chambers. As there may be a restriction, and hence a 
pressure differential, between the auxiliarj^ and main chambers, care must 
be taken not to use the pressure in the auxiliary chamber as that in the 
main chamber. 
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In Fig 3-3 IS shown an isothermal expansion As the piston sweeps 
through the mfimtesimal volume dV, the work done, or d{Wk), which 
equals P dV, is shown by the cross hatched area As the total area under- 
neath the curve of the process 1-2 equals ] ^ P c?F, and as iWka equals this 

integral, the area on a P-V plane underneath the curve of a non flow 
process represents the work done during the process 



fig 3-3 Polytropic Expansion 


The equation PV^^C permits the evaluation of j P dV and hence 
the work From PV’^^^C, P — CV-^ Therefore, 


^f} 


Since 


iWks 


1-n I 1-nJ^ 


V~^dV=C- 

py, 


{Wkv 


_ PiVi~PiVi 

1— n 


(3-3a) 


This equation holds for any process obeying the law PF»»C How- 
ever, in the case of an isothermal, PiT'’ 2 =PiT'^i, and n*=I As 0 divided 
by 0 IS indetermmate, equation 3-3a is useless in this case, and a special 
work equation must be demed for the isothermal 
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As PV=C in an isothermal, P=y' Hence, 


= C If = 

''i 


C log, 7 




Substituting the value PV for C gives 

F. 


2 Wk 2 — PV logc y- for an isothermal only 


(3-3b) 


Example S-1 . — Heat is added to 8 cu ft of air at a constant pressure of 20 psia until 
the volume is increased to 12 cu ft. Calcxilate the work done. 

Solution, — As the pressure is constant, n=0 and Pi—Pz in equation 3-3a. There- 
fore, 

iWk2=F(F2-7x) = 144X20X(12-8) = ll,520 ft-Ib Ans. 


Example 3-2. — ^How much work is done when 4 lb of air expands at a constant 
temperature of 240 F until the pressure is reduced to one-half of its original value? 


Solution . — ^In equation 3— 3b both the pressiue and the volume are unknown. How- 
ever, as only the product P7 is desired, it may be found from the relation PV—WRT, 

7 » 'P 

As Pi7i = p272 in an isothermal process, Making these substitutions in equa- 


tion 3-3b gives p 

iWk2 — IF RP loge "q" 

A 2 


Since loge 2=0.6931, 


=4 X 53.35X (240 +460) loge2 
iWTi:„=4X53.35X700X0.6931 = l03,500ft-lb 


Ans. 


Example S-S . — Calculate the work of compression in a diesel engine having a 16 to 1 
compression ratio. At the start of compression the volume is 0.96 cu ft and the pressure 
is 14 psia; and u=1.3. 

Solution . — To solve for Pz, rearrange equation 2-4 as follows: 


and 


P 2 = 14X36.76 =514.6 psia 


Also, 7; = T'l ^ 16 = 0 .96 16 = 0.06 cu ft. Therefore, by equation 3-3a, 

(514.6X0.06-14X0.96) 

1 — n 1 — 1.0 

=480(30.88-13.44) 

=480(17.44) =8,370 ft-lb Ans. 


3-5. Changes in Intrinsic or Molecular Energy for a Perfect Gas. — One 
of the hjT)otheses concerning a perfect gas, according to the kinetic theor}^, 
is that the molecules are so far apart that there is no appreciable inter- 
molecular attraction. Therefore, no energy is required to move them 
further apart and the molecules give up no energy as they come closer 
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together There can be then, no change in the molecular potential 
energy of a perfect gas Temperature has been defined as a measure of the 
mean molecular kinetic energy of a substance Thus, for a perfect gas, 

If the kinetic theory is disregarded, it is possible to show that U~f(T) 
for any gas obeying the law PV=WRT (See Chapter 14 ) This should 
be satisfactory evidence that the molecular energy of a perfect gas depends 
on temperature, and only on temperature However, as it is customary 
to do so, the classical expenments of Joule will be introduced here 



Fig 3-4 JOTile'a Expemnent 


Joule took two interconnected cylinders, as A and B in Fig 3—4, and 
immersed them in water In cylinder A he had air at a pressure of about 
22 atmospheres In cylinder B he bad as high a vacuum as possible 
Immersed in the water was a specially constructed thermometer which 
would detect shght vanations m water temperatures 

After equihbnum conditions were reached, Joule opened the valve 
and allowed the air to rush from A into B He noted bis thermometer 
very closely and found no change in water temperature To draw con 
elusions from this expenment, equation 3-1 should be rewntten, it bemg 
realized that molecular energy is dual in its nature Thus, 

iQ2^Vk,~ 


(3-la) 
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When this equation was applied to the air, iQo was zero, as no heat 
passed into or out of the gas; othenvise, there would have been a tem- 
perature change in the water. There was no change in Uk, nor was any 
work done. Hence, the change in molecular potential energy must have 
been zero. Stated in another way, there had been a change in both the 
pressure and the volume (specific) of the air and there had been no change 
in molecular energy. Therefore, the molecular energy of a perfect gas is 
a function of temperature and temperature alone. 



Fig. 3-5. Equal Changes of Molecular Energy Between Two Temperatures, 
Regardless of the Nature of Processes 

Joule later found by refinements in his apparatus that there was a 
slight change in water temperature. However, this simply demonstrated, 
as did refinements in apparatus for repeating Boyle’s and Charles’ experi- 
ments, that air is not exactly a perfect gas. 

The nature of molecular energy does not permit its direct measurement. 
However, as it is a direct function of temperature, the evaluation of 
change in molecular energy in terms of the change in temperature for any 
process must hold for all processes. 

In Fig. 3-5 are shown two constant-temperature lines, one for 100 F 
and the other for 500 F. As the molecular energy depends only on tem- 
perature and is independent of volume and pressure, 
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V%-•Vl~Vi—Vz=Vi~*Vi^Vs'—V^~ Vm F—f^ioop 

As these changes are all equal, the evaluation of the change in molecular 
energy for one of these processes ■will give the change in molecular energy 
for all processes 

Some of the heat added goes to do work in all of these processes except 
the constant volume one, or 1-2 For this reason the constant-volume 
case IS used to aid m evaluating the change in molecular energy In a 
constant-volume case, all the heat added goes to increase the molecular 
energy Thus, 

But, for a constant-volume addition of heat, 
iQz-=Wc.{Tz-Ti) 

Therefore, Vi~U-i. = Wc^{Tz~Ti) at constant volume Since the change 
in molecular energy is the same in all the other cases, 

Ui~Ui = TFc,( Tj — Ti) for all processes* (3-4) 

Stated in another way, the change in molecular energy m any process 
equals the heat added %n a constant^volume process 

3-6 Specific-Heat Relations — The terms in the general energy equa- 
tion for a constant pressure process may be evaluated in terms of tem- 
perature as follows 

iQ2=Wc^(Tz-Tt) 

Ui~Ui=^Wc^iTz-Ti) 

{svkz-^p(yz~Vi) = WR(,n- ro 

Substituting these values in the general energy equation 3-1 gives 


or Cj, = Ct+^ (3-S) 

A constant-pressure process uas chosen to aid in establishmg a relation 
between Cp and c„ because both of these quantities can be introduced 
into the general energy equation in the constant-pressure process How- 
ever, as the specific heats Cp and c, are fixed quantities for any given 
perfect gas, equation 3-5 must hold for all processes 
• This applies only to perfect gases 
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The value of the specific heat of a substance applying to a polytropic 
process may be determined in terms of the exponent n or by evaluating 
the terms of the general energy equation in terms of temperature. Thus, 

iQ2=Trc.(ro-Ti) 


Therefore, 


_ P^y^-PxViJVR{T<,-T^) 

1—n 1—n 


Wc.iTn- T^) = Wc,iT.- 


or 


Cx=Cr: 


R 




(3-6) 


Although equation 3-6 may be put into various forms^ there is little 
to be gained by doing this. 


3—7- The Reversible Adiabatic. — ^The special value which the exponent 
n assumes in a reversible adiabatic may be determined by evaluating the 
quantities in the general energy equation in terms of temperature.* Thus, 

1^2 = 0 


Hence, 


from which 


iW k2= 


P2F2-P1TT WR{T.-Ti) 


1—n 


1—n 


n w-rr 


-Wcr(T2-Ti) = 


WR(T2-T0 

J(l-n) 


and 



X R 

or 

-c„(l— «)=J 


Since y=Cp— Cr (see equation 3-5), 

— Cc+nCr = Cp — Cp 


or 


* A rigorous proof validatmg 
14, and 15 of Chapter 5. 



the reversibility of this is contained in Problems 13, 
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For convenience ^ is symbolized by k Thus, m a reversible process m 
which no heat is added, 

n=^=fcforarei ersible adiabatic (3-7) 

3-8 Path Versus Point Functions — A property of a substance may 
bo defined as a characteristic quality of the substance Some thermo- 
dynamic properties are pressure, volume, temperature, and intrinsic or 
molecular energy As with other properties the values of these thermo 
dynamic properties are fixed once the state of the substance is fixed This 
being the case, if the substance changes from an initial state to a final state, 
the changes in the values of the properties will depend on their values in 
the imtial and final states and will be independent of how the change 
proceeded from the imtial state to the final state For this reason prop 
erties are known aS' point functions This principle vas tacitly recogmzed 
in Chapters 2 and 3 m evaluating the four thermodynamic properties just 
mentioned 

Although it IS not capable of mathematical proof experimental evidence 
has led to the following conclusion If any two independent properties or 
point functions are known for a substance at rest and existing in a given 
state, then all other properties or point functions are fixed for that state 
Their determination may, m some cases be quite involved and a tnal 
and error solution may be necessary, but these functions can be evaluated 
It should be noted that the two properties given must be independent of 
each other For a perfect gas, molecular energy is a direct function of 
temperature The specification of the molecular energy in addition to the 
temperature adds nothing to our knowledge of the state of a perfect gas 
Another property that is independent of temperature must be determmed 
in order to fix the state of the gas The temperature at which a liquid 
bods IS fixed by the pressure, and the specification of the boiling tempera- 
ture m addition to the pressure aids in no way whatever m determining the 
condition of a mixture of boiling water and steam 

If two or more quantities are point functions, their values being fixed 
bj the state of the substance the result obtained by multiplying them 
together, addmg them together, dividmg one by another or substracting 
one from another will be a fixed quantity and hence will indicate a true 
property or point function Such a property is known as a compound 
property A very useful compound property called enthalpy will be dis- 
cussed in Chapter 4 Compound properties are of as much lalue m 
determining the state of a substance and its other properties as are simple 
properties 
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If two states of a substance are known, the work done cannot be 
evaluated until it is known how the change of state took place between 
the initial and final conditions* If the change was a reversible one and 
the substance passed directly from the initial state to the final state, then 
the work may be evaluated. If, however, the process is irreversible to any 
degree, or if the change proceeds to some other point first and then to the 
final state in another manner, the work cannot be evaluated until a knowl- 
edge of the manner in which the change took place is gained. This is 
shown in Fig. 3--6. The work done in passing from state 1 to state 2 is 
much less if state 2 is reached by first going to state 4 than if the path is 
from 1 to 3 and then to 2. An intermediate amount of work is obtained 



Fig. 3-6. Significance of Work as a Path Function 


by going to state 2 along the curved path. If the final state is reached 
merely by ^drtue of a free expansion, of course, no work has been accom- 
plished. As points 1 and 2 are fixed points, the change in molecular energy 
is also fixed. If in this case ti = /o, the change is zero. Thus, the amount 
of heat added will equal the work done between state 1 and state 2 and 
cannot be evaluated until the nature of the path taken between 1 and 2 is 
known. 

Because it is essential to know the path taken in order to evaluate both 
the heat added and the work done, these two quantities are known as 
'path Sunciions. No attempt should be made to evaluate path functions 
if only the initial and final states are known. 

3-9. Sample Problems. — The principles discussed in the foregoing 
articles are applied in the foUoudng typical problems. 
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Example S-4 — The combustion process occurring after top dead center m a certain 
gasoline engme obe}^ the law PV~^^ — C At the start of the process, the volume is 
0 02 cu ft, the pressure is 200 psia, and the temperature is 1600 F Combustion proceeds 
until the volume is 0 028 eu ft Calculate the nork done and the heat added, treating 
the cylinder’s contents as air and treating air as a perfect gas (Strictly speakmg, no 
"heat” IS added Chemical energy is released, producing the same effect as if heat 
were added What is desired is this e^tvalent amount of heat added ) 



Soluiton — In Fig 3-7 is shown the path of the process on the P-V plane, a simple 
sketch such as this should always be drawn when a problem of this nature is to be 
solved Mere numerical handling of numbers unlhout taking cognizance of the variation 
of the physical properties involved is to be avoided 
By equation 3-3a, 




PiVi~PiVi 


1-n 


In this case. 


Hence, 


Also 
in which 


= 200 X 1 498 == 299 6 psia 
„ 144(299 6X0 028-200X0 02) 

™ 1 -(- 12 ) 

=144(8389z:l)=28r3ft-lb 

22 

iQi»Wc,{Ti~Tt) 


FV 144X200X0 02 
53 35X2060 


=000524 lb 
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, R 

^-<W' 



= 2060(1.4)2==2060X2.096 
=4318 R 

Then, 1 O 2 =0.00524X0.2027X (4318 -2060) 

=2.398 Btu 



An alternative solution for the heat added is as follows; 

U^-Ui^WcAT2-Ti) 

= 0.00524 XO. 1715 X (4318 -2060) 
=2.029 Btu 

i 02 = 2.029 +^^ = 2.398 Btu 


Ans. 


Ans. 
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Example S-5 —Air is compressed adiabatically from 20 psia to 80 psia The air 
originally occupies 6 cu ft at 240 F Assuming that the compression is a reversible one, 
calculate the change in intrinsic energy 

Solution — As this change is adiabatic, iOj“0 and 


In this case, 




iWt, 

J 




Pi Vi -Pi Vi 

1— n 


By refcrrmg to Fig 3-8, one can see that the volume at the end of the process is 
wnknoMTV, then 


PlV,'’=P,V2" 


Transferring the exponent to the knorni (pressure) ratio, ne get 


from nbich 


Hence, 


and 


Vi 

V, 

¥ 2 = — =223 cuft 

„„ 144(80X2 23-20X6) 

= -21,020 ft lb 
I7j-17i=?^^=270Btu 





An alternative solution is as folloViS 


Uf~Ui = Wc,(,T2-T^) 


If 


PV^ 

^RT' 


144X20X6 
'53 35 X 700 


=0 462S lb 




Us- 1/1 =0 4628X 0 1715(1040 -700) =26 93 Btu Ans 


Example S-fi — ^Air in a tank is heated until the pressure increases from 80 psia to 
120 psia If the original temperature is SO F and the tank volume is 20 cu ft, calculate 
the beat added 

Solution —As the volume 13 constant, there is no area under the curve on the P~V 
plane and no work is performed Hence, 

igs=irc.(r,-ri) 

in which 


TF PV 144X80X20 
53 35X540 


=8 0 1b 


Smce the volume 


and 


constant, 

Ts = r,p=5^^^^=810 R 
,Q,=8 0 X0 1715(810 -540) =370 Btu 


Ans 
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Example 3-7 . — A quantity of air at 180 F originally occupies 20 cu ft at a pressure 
of 30 psia How much heat must be removed from the air to keep its temperature 
constant at 180 F as it is compressed until the pressure reaches 180 psia? 

Solution — ^The P-V curve, which is shorni m Fig 3-9, is a rectangular hyper- 
bola smce the temperature is constant and n equals unity. In this case, 



J ~~ J 



e, PiVi P2F2 , . F2 Pi 

Smce reduces to 

1Q2 — j- loge 

But 

log, ^ = log, Pi -log. Pa = - (log. Pa -log. Pi) = -log, ^ 

P2 

' loge —199 0 Btu added or 199 0 Btu removed Ans. 

Example 3-8 —A quantity of air is originally at 200 F and occupies 60 cu ft. If 400 
Btu are added to the air at a constant pressure of 50 psia, calculate the uork done. 

SoZutton— This is a constant-pressure process The non-flow general energy 
equation is 
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iWki 


E/o =,Q2-Trc.(r,-r.) 


Smce ,Qj=Wep(r,-rO, 


P7_ 144X50 X60 _.g „ 
pr 53 35X660 lb 


Hence, 




400 


7 = 135 8 


12 27X024 

and IFc (P, -TO = 12 27X0 1715 X 135 8 = 285 8 Btu 

The work done is 

,Wk2 - (400 -285 8)778 = 88,900 ft-Ib 



Fjg 3-10 Graph for Constant Pressure Process in Example 3-8 


An alternative solution is as foUoii'S As can be seen in Fig 3-10, the work area on 
P-V coordinates is rectangular, and hence 

iWki=P(r,-7i) 

In this case, 

ri = 135 8+660=795 8 R 
PtVi PiVt 

Also, since Pi =P 2 , the expression ■ _ ■=-sr~ reduces to 
’ it 

r.-r.^-60(^)-72S5cutt 
, Wki = 144 X 50(72 35 -60) =88, 900 ft-lb Ans 


Hence, 



CHAPTER 4 


STEADY FLOW 

4-1. The Field of Steady Flow. — ^With the exception of certain 
isolated cases, such as the heating or cooling of a tank of air, most problems 
encountered in dealing with liquids, vapors, and gases are flow problems. 
Flow is encoimtered in a boiler, its furnace, the turbine, and all auxiliaries 
in a steam power plant, such as pumps, condensers, fans, economizers, and 
air preheatem. Flow is met with in a diesel engine and its auxiliaries, 
such as water pumps, oil pumps, and superchargers. A study of a 
refrigerating compressor and the other equipment needed to produce 
refrigeration, such as the evaporator, condenser, and brine pump, involves 
a flowing fluid. In air conditioning, flow is involved in a study of the 
dehumidifier, the heater, and the fans. In the case of each of these 
indi^ddual de'vdces, as well as innumerable others, a fluid flows into and out 
of the device. 

In the centrifugal and rotary types of pumps, engines, and com- 
pressors, there is continuous flow of a fluid into and out of a de\dce. In 
the case of reciprocating machineiy^, the flow is pulsating, because of the 
opening and closing of valves. With the valves closed, a truly non-flow 
process takes place within the cylinder. The over-all picture of such a 
deduce is, however, one of flow. If conditions are obsen^ed in a pipe line 
at some distance from a reciprocating machine, it will be found that the 
fluctuations are dampened out to a large extent. Furthermore, if a 
reciprocating piece of equipment is carrying a steady load, it null be found 
that the weight of fluid flowing into the de\’ice per unit of time equals that 
flowing out of the de^dce for the same unit of time. Thus, although the 
flow in the case of a reciprocating piece of machinery is pulsating, the fluid 
flows into and out of the device at a steady rate. 

4-2. The Steady Flow Energy Equation. — The equation of steady 
flow is a restatement of the law of conser\'ation of energy. Pro^dded that 
the flow into and out of a deduce is at a steady and equal rate, and pro\dded 
that no energy is stored up in or given up by the de%dce, the energj’ in all 
forms entering the device in a given time inten-al must equal the energy 
in all forms lea^dng that de\dce in the same time interval. 

In case the temperature within the de\dce differs from the outside 
temperatxire, heat may flow into or out of the de\dce through the walls. 
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It IS necessary to knoTv the nature of the device m order to know whether 
or not the internal temperature is higher or lower than that of the sur- 
roundings and thus know whether heat is flowing in or out of the deuce 
If the device is a complex one, heat may flow out of part of it and into 
another part of it Both quantities of heat may be introduced into the 
equation, or the difference between the two may be found and used as a 
single quantity 

Worh may be transmitted into or out of the dei ice, the direction depend- 
ing on the nature of the device This energy is transmitted through moi - 
mg parts of the device 



The fluid passing into and out of the device will cariy energy with it 
The fluid may possess molecular energy, chemical energy (Ch E ) potential 
energy (PE), and kinehc energy (If E } In addition, the fluid mfl cany 
with it energy exerted on it to cause it to flow Electrical energy also may, 
conceivably, pass into or out of the device As this is not a normal case 
in mechanical devices it will be neglected in this discusMOn 

The energy transmitted by virtue of flow is illustrated diagrammatically 
in Fig 4-1 In this figure a resisting force F' exists in a cylinder to ihe 
nght of a piston A pipe leadmg into the cyhnder is filled with cylindrical 
blocks If a sufficiently large force jP is exerted on the left hand block, 
the blocks will move into the cylmder, doing work on the piston The 
energy required to do the work is transmitted through the blocks from the 
source of energy acting on the left hand block to the piston Each block 
passing section o-o carries with it the energy necessary to force it past a a 
This energy equals the product of the following quantities the pressure 
P exerted on the block by the preceding block, the pipe area A and the 
length L of the block Smee the product AL equals the volume V of the 
block, the energy earned by the block as it passes a section equals the 
product of the pressure P on the block and the block volume V, or PV 
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Tliere is no well-established term to designate this energy transmitted 
by virtue of flow. To avoid a lengthy phrase, the term fioio energy wiU 
be used here. 

The concept applied to the solid bloch may be appHed to a flowing 
fluid— a gas, vapor, or hquid. Instead of dealing with blocks, the fluid 
stream may be conceived of as being broken up into a series of volumes 
of fluid, each volume having unit weight. In this case the flow energy per 
unit weight is Pv, where v is the specific volume. 

Care should be taken to avoid confusion of flow energy with kinetic 
energy of the flovdng fluid. The flow energy is a Iransmiited energy and, 
per unit of material, it is independent of the length of time required to 
move the fluid but depends solely on the work necessary to move the fluid. 
Kinetic energy, on the other hand, is a function of the velocity of the fluid. 



Shaft 


Tnerrrcd^TTarr c 
Device 


i 1 1 1 1 
f 

Q 




P E2 
Ch. E.2 

Pi ^2 


Fig. 4-2. General Application of Steady Flow Energy Quantities 


Although this chapter deals vdth flow, because the term PV is intro- 
duced here in the case of flow, it is also desirable to consider the term PV 
in case no flow exists. Referring to Fig. 4-1 again, suppose that the same 
force is exerted on the left-hand block as before but the resisting force F' 
is so large that no movement takes place. If there is no movement, no 
work is done on the blocks and no enei^' is transmitted through them. 
Nevertheless, the same pressure exists on the blocks and the blocks have 
the same volume. Hence, there is a term PV having the same value as in 
the case of flow, but this term PV cannot now represent energy being trans- 
mitted by flow, because none is being transmitted. Thus, the term PV 
represents energy only in cose of flow. In the case of non-flow, the term 
PV does not enter into the energy equation. 



50 


ENGnEEKING THERMODYNAMICS 


Refer to Fig 4-2 The equation of steady flow is based on the fact 
that energy tn per unit of tune is equal to energy out per unit of tune If 
the Yanous forms of energj' m are gii en the subscript 1 and the forms of 
energj out are gi\ en the subscnpt 2, 

(4-1) 

Note that each of these energj quantities must be eialuated for the '^ame 
length of tune This maj n ell be called the most important equation in 
engineeimg thermodynamics 

A further knowledge of the mdi\idual deNnce is required before it can 
be deterrmned n hether the work and the heat are gomg mto or out of the 
dence In case they are gomg into the dence, thej <5houId be placed on 
the left-hand side of the equation In ca'^e thej are energies leanng the 
dence, thej should be put on the right band ^ide of the equation If the^e 
quantities are so placed, they will ha\e po^itwe \alues 

Equation 4-1 appears complex and iniohed Honeier, in specific 
applications sei eral terms drop out of the equation as the changes m the 
energj quantities are so small that thej maj be neglected The condition 
that determines whether or not terms maj be omitted from equation 4-1 
IS not the amount of the change in energj under consideration on an 
absolute basis but rather its amount in compan^^on mth the amounts of 
the other energj changes in\ oh ed 

The work term must be zero unless work from mechanical power trans 
imtters, such as shafts, goes into or out of the dence E\en when *^0011 a 
method of transmitting mechanical power is used, the work going out of 
the deuce will still equal zero if the machine is idlmg 

The heat transmitted through the walls of the deuce approaches a 
lalue of zero as the temperature within the dence approaches that of 
the surroundings and also as the amount of insulation on the wall* is 
mcreased 

If point 2 IS 10 ft abo\ e pomt 1, then the potential energj of 1 Ib of the 
fluid at pomt 2 exceeds that at pomt 1 bj 10 ft-lb, or 0 0128 Btu This 
energj' change, while large m compan'^on with changes m other forms of 
energy m the case of hquids, is normally an exceedingly «mall part of the 
other energy changes for gases and x apors and hence may be neglected 
for such fluids 

In well de«*igned pipe hnes, the fluid xelocities must be kept low, 
otherwise, exce'^sne fnction losses will be encountered Thus, if pomts 
1 and 2 are taken m the pipe lines entenng and leaving the machine, the 



Steady Flow 


51 


kinetic energies at entrance and exit are very small and may be neglected 
for most cases of flo\sdng gases and vapors. 

Unless combustion or some other chemical reaction is taking place 
within the device, there vtII be no change in chemical energy. 

In most cases there will be a change in the molecular energy U and in 
the flow energy PV, 



4—3- Enthalpy. — In general, there is no need for evaluating either the 
change in the molecular energy or the change in the flow energy. \A^at is 
desired is the change in the siimTnaiion of these two energy quantities. As 
molecular energy, pressure, and volume are true properties and may be 
definitely evaluated once the state of the substance is known, the summa- 


tion of the molecular energy and the 




must be fixed. If the states of the fluid entering and lea^ang a device are 


known, the quantity 




is fixed and is readily 


determinable without the necessity of determining the individual terms 
involved. 

At least 75 years ago Prof. Willard Gibbs saw the desirability of using 
the summation of the molecular energy and the flow energy. Realizing 
that no one term could picture the summation of these dissimilar quantities, 


PV 


he used the symbol x io designate this summation, or x= 


Shortly after this, someone, not appreciating the full significance of 
this summation, designated it as total heat. More recently it has been 
termed heat content. Unfortunately, both of these terms were widely 
used and for years students of thermodynamics have been confused by 
them, as they were misnomers. In the first place, U does not represent 

PV 

heat; it is molecular energy. In the second place, the term — ^ does not 


represent heat; it represents flow energy’' in case of flow^ and has no physical 

PV . 

significance unless there is flow. Therefore, the quantity U~\ — y- is neither 


the total heat nor the heat content of a body. 

Modem writers on thermodynamics have recognized this difiiculty. 
However, instead of reverting to Gibbs^ original term, they coined the 
term enthalpy. This term has the advantage of not raising an incorrect 
physical concept ; but, unless correctly pronounced,* it has the disadvantage 
of sounding similar to entropy (see Chapter 5). The accepted symbol for 


Accent is on the second syllable. 
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enthalpy, which is H, is a poor choice as it is often incorrectly associated 
with heat However, following common practice, H will be used in this 
text to designate enthalpy The defining equation is 
PV 

(4-2) 


This relation should be read as follows The enthalpy equals the summa 
tion of the molecular energy and the product of pressure and volume 


expressed in Btu 1 or simply the term 




Little IS to be gained by any 


further attempt to pictunze this summation which is termed enthalpy 
In dealing with a perfect gas, enthalpy changes may be evaluated in 
terms of temperature as follows 




But 




, P^V^-PiVi 

r 


U^-U^=W4,{T^-T,) 


and 


P2E2-PiVi=TTi2Cr2-T,) 


Hence, Hi = Trc,(r 2 - Ti) TO = Pi) 

Since (see equation 3-5), 

Hj -Hi = Trc,( P, - Pi) (4-3) 


Equation 4-3 recognizes that enthalpy is a true property and that, for 
a perfect gas, the change in enthalpy is a direct function of the change in 
temperature Oianqe in enthalpy ts independent of the nature of the cfionge 
of state taking place, and equation Ji.~3 holds equally uellfor flow and non flaw 
processes 

PV 

As mentioned carhei, the terra -j- does not represent energy m a non- 

flow process Because of this enthalpy has little use in a non flow process 
exci^t m the case of a constant-pressure proce^ This is shown as follows 


dH^dV-^ 


^ J 

PdV , VdP 
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From the general energj^ equation for a non-flow process, 

ITT , V dV 

or dQ = dU-\r^-j— 

By comparing dB and dQ it may be seen that, under non-floiv conditions, 
the change in enthalpy in a constant-pressure process equals the heat 
added. This fact is valuable when dealing vith non-flow constant-pressure 
processes for liquids, vapors, and imperfect gases for which tables of 
enthalpy are available. (See Chapter 14.) 















Fig. 4-3. 

Throttling 


4—4. Throttling. — One of the simplest applications of steady flow is 
that of throttling. The fundamental concept of throttling is the choking 
off of, or the offering of an obstruction to, a floving fluid. Although it is 
true that any pipe has friction, and hence restricts flow, the idea of 
throttling generally implies the introduction into the line of flow of some 
object, such as an orifice plate or a partly opened valve, which offers 
materiall}'’ more resistance to flow than does the rest of the system. 

Throttling is illustrated in Fig. 4-3. A plate containing a small orifice 
(hole) has been inserted in a pipe line. Because the area of the hole is 
small in comparison to the area of the pipe, the velocity of the fluid passing 
through the orifice is large in comparison to that in the pipe. More must 
be known about the sj^stem, however, before a statement can be made 
about the absolute values of the various velocities. If the pipe dis- 
charges into the atmosphere at point 3, and the pressure at point 1 is only 
slightly above atmospheric, then the absolute velocity of the fluid vill not 
be large at any point. On the other hand, if a liigh pressure is maintained 
at point 1 and at the same time dischaige into the atmosphere is retained, 
the difference in pressure between points 1 and 3 will cause a higher rate 
of flow and all velocities vill be greater. Under most conditions, however, 
very large pressure differences do not exist between points 1 and 3 unless 
the area of the opening at point 2 is very small. This small opening so 
restricts flow that the velocity at point 1 is small. If the location of point 


M 
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3 IS chosen at such a distance from point 1 that the floTving stream fills the 
entire ppe, then the velocity at point 3 is also a ery small Thus, under 
most conditions, the change in kinetic energy between points 1 and 3 can 
be neglected 

If the temperature of a flowing fluid is substantially atmospheric, it 
may be assumed that there is no appreciable loss of heat between pomts 
I and 2 Under this condition, the equation of steady flow becomes 
(kinetic energy at point 1 being neglected) 




KE, 


The greater the kinetic energy at point 2, the larger is the drop in 
enthalpy between points 1 and 2 For a perfect gas, the change in enthalpy 
IS a direct function of the temperature change (‘’ee equation 4-3) "With 
a large pressure differential existing between pomts 1 and 2, the tempera 
ture at point 2 is much low er than that at point 1 In case the tempera- 
ture at point 1 IS about atmospbenc, there will be radiation into the pipe 
between pomts 2 and 3 unless precautions are taken to present it 

If the radiation into or out of the pipe maj be neglected and if the 
difference in kinetic energies can also be neglected, the equation of steady 
flow for a throttling process becomes 


Hi=Hi 

This equation does not state that enthalpy remains constant dunng a 
throttling process, but it does state that, when the kinetic energy set up 
by throtthng is di'^sipated (t c , turned back into enthalpj), the final 
enthalpy equalss the enthalpy before the start of the throttling 

As the enthalpy of a perfect gas is a direct function of temperature, it 
follows that there is no net change m temperature when a perfect gas is 
throttled, provided there is no appreciable net change m kinetic energy 
and no appreciable radiation 

"WTien an imperfect gas or a i apor is throttled, there will be a net change 
in temperature, the amount of which is sometimes used to determine the 
imperfection of the gas * 

The loss of abihty to do work occasioned by the throttling of a fluid is 
discussed in Chapter 5 

• Thia IS called the Joule-Thomson effect and is expressed mathematically as 

For a perfect gas this coefficient is *ero and for most of the so-called “permanent ' 
gases It IS very small, t e , for atmospheric air, the temperature drop is approximately 
0 03 F degree per psi drop For vapors near condensing conditions, the Joule-Thomson 
effect is naturally large 
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4-5. Other Applications of Steady Flow. — Other applications of the 
steady-flow principle are most readily shown by the use of selected 
examples. However, the student is strongly urged not to memorize the 
particular forms of the steady-flow equation set up for the various devices. 
Rather he should understand the method used so that he may reduce the 
steady-flow equation to apply to these and other steady-flow devices. 

VIk 
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Q 

Fig. 4-A, Energy Quantities for Air Compressor 


(a) The Air Compressor: The temperature of air entering and leaving 
an air compressor may be determined in the pipe lines. The pipe lines 
are normally of sufficient size to make the difference in kinetic energies 
entering and leaving the compressor insignificant in comparison to the 
changes in the forms of energy. As shown at the bottom of page 52, the 
change in potential energy can be neglected. Furthermore, there is no 
change in chemical energy. Thus the only energy quantities to be con- 
sidered are those indicated in Fig. 4r-4. 

Example 4-1 . — Air at the rate of 60 cu ft per min enters an air-cooled air compressor 
at 14.0 psia and 75 F, and leaves at 275 F. If the horsepower input to the machine is 6, 
calculate the radiation from the compressor per minute. 

Solution . — ^Equating the energies in and out, we may write the following relationship: 

Wk 


or 





To evaluate Hi 


-Hi, the weight of air must be known. It is 
PV 144X14.0X60 . Tu 

53.35X5 - 35 -=^-"^ ““ 


—4.238x0.24(75—275) = —203 4 Btu per min 


Then, 
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Also, 

Hence, 


Wk 

J " 


^33,000 
^ 778 


=254 5 Btu pet min 


(? = -203 4+2545.*51 1 Btu per mm 


Ans 


0 

1 

1 

r 

1 


240 Fj — ► 


Hi 

intercooler ^ 


rmr 

1 


<» 






Pig ■l-S Intercoolet of Example 4-2 


(6) Intercooler As far as the air in an intercooler of a compound com- 
pressor IS concerned, the only energy change it expenences is a change in 
enthalpy As there are no mo\Tng parts, no work is done 

Example 4 -^ — ^Air enters the intercooler of a compound compressor at 40 psi, 
gage, and 240 F, and leaves at 39 psi, gage, and 70 F The barometer is 26 48 m and 
the air flon in is 200 cu ft per mm Calculate the heat removed from the air per mm by 
the coolmg water 

iSoIution —The equation of steady flon becomes (see Fig 4-5) 

ffi=/J,+0 


or 

Tn this case. 


Q=Hi-H,=iyrp(T,-T,) 

P = 40 +0 491 X 26 48 = 40 + 13 = 53 psia 


and 

Hence, 

and 


144X53X200 
53 35 X 700 


=40 87 lb per mm 


=40 87 X 0 24(240 -70) = 1667 Btu per mm 
Q = 1667 Btu per mm 


Ans 


Note that Q can be evaluated here by the change m H (even though the prC'^ure 
drops) because the flow is steady, contrast this with the non-flow statements at the end 
of Art 4-3 


(c) Steatn Engine' A steam en^e does Tvork, but a small quantity of 
heat may leate the engine by radiation and con\ ection 

Example 4-S — Steam enters a steam engme with an enthalpy of 1250 Btu per lb 
and leaves with on enthalpy of 1075 Btu per lb * Steam flov is 4290 lb per hr The 
engine delivers 290 hp Calrulale the radiation loss per hour from the engine 

•These values of enthalpies are determined from the condition of the steam entering 
and leaving the engme by use of a steam table These are not absolute values but are 
values above a datum plane (see Art 6-3) 




Steady Flow 


57 


iSo^wfton.— 'The energies involved are shovn in Fig. 4-6. The stead 3 '-flow energ\^ 
equation is 


In this case, 




= 4290(1250 -1075) =750,800 Btu per hr 

Wk_290X33, 000X60 

~J^ 773 =738,000 Btu per hr 

Q =750,800 -738,000 = 12,800 Btu per hr 

{d) Turbine Nozzle'. The common form of a turbine nozzle for steam 
or gas is shoum in Fig. 4-7. The fluid is supplied to the turbine witli a 

Wk 


and 

Hence, 


Ans. 


© 


1,250 


C 


@ 


Steam 

Engine 


1,075 


Fig. 4-6. Application of Steady Flow Energy Analysis of Example 4-3 


large value of enthalpy and vith a pressure higher than that at exhaust. 
The purpose of the nozzle is to convert as large a percentage as possible 
of the enthalpy into kinetic energy and to direct the high-velocity fluid 
onto blades where work is done. The fluid normally moves through the 
nozzle in such a short length of time and in such quantities that the heat 
lost per unit weight of fluid is small enough to be neglected. Under this 
condition, the equation of steady flow becomes 


K.E.1 




KE.2 

J 




In most installations, the area of the pipe leading to the nozzle is large 
and hence the original kinetic energy is so small that it can be neglected. 

Example 4-4 . — The gases leave the combustion chamber of a gas turbine and enter 
the nozzle at 25 psi, gage, and 1200 F. There is atmospheric exhaust. The area of 
the approach to the nozzle is large in comparison to the nozzle area. Barometric 
pressure is standard. Calculate the velocity at the nozzle exit, assximing perfect nozzle 
action. 
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jSolttiton. — As the temperature leaving the nozzle is as low as 1200 F, it is assumed 
that so much air has been used that the gases leaving the combustion chamber may be 
treated as air without serious error A small error will be introduced by neglecting the 
change m specific heat of the air with a change in temperature The steady-flow 
equation reduces to 





CHAPTER 5 


CARNOT CYCLE, AVAILABLE ENERGY AND ENTROPY 

5-1. The Camot Principle. — The first law of thermodynamics states 
that heat may be turned into work and \dce versa. It seems evident that 
the earlier developers of the steam engine did not realize that a limitation 
existed. Perhaps the first to appreciate this limitation was a French 
engineer, Sadi Camot. In 1824* he published his deductions in a paper 
entitled ^‘Reflections on the IMotive Power of Heat and the Proper 
Machines to Develop this Power.” 



Fig. 5-1. Engine Using Camot Cycle 


Carnot’s deduction was that “heat ^annot perform work except whe n 
it fronTa higher to aHower tem^ rature leveh” He pointed out 

that the amount of heat thus transformed into wk was proportional to 
the difference existing between the temneratures - ^t which_he_a_t vm s sup- 
pl ied and reje cted. 

Carnot presented no details of an en^ne to obtain work. He avoided 
a discussion of the nature of heat. This work was presented some 20 
years before Joule’s brilliant demonstrations led to the discard of the 
caloric theory of heat and the recognition that heat is a form of energy. 

♦ Camot was 28 years of age at this time. It is believed that he wrote this paper 
three or fo\ir years earlier. 


o9 
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Whether or not Carnot realized the true nature of heat, he so framed hi-> 
deductions that they could be accepted, regardless of the nature of heit 
In 1849, Lord Kelvin, reahzing the fundamental and far reaching 
significance of Carnot’s concepts, presented Carnot’s Principle to the 
Royal Society of Edinburgh He unproved on Carnot's onginal paper 



by suggesting means n hereby work 
could be obtained from heat supplied 
to an engine This engine operated in 
a manner implied but not specified by 
Carnot 

5-2 The Carnot Cycle. — ^The 
Carnot Cycle, as proposed by Kelvin, 



was earned out by having the foUow' 
mg parts, as indicated in Fig 5-1. 

(1) A cylinder with a fnctionless 
piston,non-conductmgnallsandpiston, 
a perfectly conducting head, and a 
detachable non-conduetmg head, 

(2) A source of heat, or a so-called 
hoi body., 



(3) A receiver of heat, or a so-called 
cold body or heat sinK, 

(4) A working substance 

It is to bo noted that these four 
items are not peculiar to the Carnot 
Cycle, but are required for the opera- 
tions of other theoretical cycles The 
manner in uhich heat is abstracted 



Fig 5-2 Steps la Cainot Cycle 


from the hot body, the method of 
producing work m Vne engnie, imd 
TV ay in which heat is rejected to the 
cold body, as is to be desenbed, parti- 
culanze the Camot Cj cle 

In the case of the Camot Cycle, 
both the hot body and the cold body 
are said to be infimte hot or cold 
bodies This docs not imply that these 


bodies are of unlimited size but rather implies that an addition of heat 


to them or a removal of heat from them does not change their tempera- 


tures If energy is supplied to a body by combustion of a fuel at the same 



Caenot Cycle, Available Energy and Entropy 


61 


rate as heat is removed from the bod3^, then its temperature vdll remain 
constant. Condensing steam gives up heat at constant temperature as 
long as its pressure is constant. There is little material change in atmos- 
pheric temperature caused man’s addition of heat to the atmosphere 
or removal of heat from it. All these objects are, then, considered infinite 
hot or cold bodies. 

Carnot did not specify the nature of the working substance. Indeed 
he stated that the work obtained for a given set of temperatures was inde- 
pendent of the working substance. In accordance vdth common practice, 
the working substance will be taken as air. The air vdll be treated as a 
perfect gas, and aU processes vdll be assumed to be reversible. 

The first process of the Carnot Cycle starts vdth the temperature of the 
working substance equal to that of the hot body which is in contact vdth 
the conducting cylinder head. TNTien the restricting force on the piston 
rod is reduced by a suitable mechanism, the piston moves outward and 
does work, as indicated in Fig. 5— 2(a). The work done comes, immedi- 
atety, from the moecular energy of the working substance, the temperature 
of which would tend to drop. As the working substance is in perfect 
contact with the hot body, heat will flow into the working substance, 
replacing the molecular energy transformed into work and thus main- 
taining constant temperature. 



Fig. 5-3, P-V Diagram for Carnot Cycle 

When the desired amount of heat has been transferred to the working 
substance^ the non-conducting head is attached to the cylinder and the 
working substance is allowed to expand adiabatically, as indicated in Fig. 
5-2(6), until its temperature reaches that of the cold body. 

It is assumed that the engine is so designed that the end of the stroke 
is reached at the termination of the reversible adiabatic expansion. In 
order to continue to have work deHvered by the engine, it is necessarj^ to 
return the working substance to its original state. Unless the pressure 
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of the workmg *Tib^imce actuig on the piston during the return «!troke 13 
less than that on the forward stroke, as indicated m Fig 5-2 (c) and Fig 
5~3, no net work can be done ■\Mthout ducarding the workmg sub- 
stance, the only way to obtam a lower prci^sure on the return ‘^roke is to 
remo\e heat from the working substance at the beginning of the return 
stroke In the Carnot Cycle thia la accomplished by remo\Tng the non 
conductmg head and bnngmg the cold body m contact with the con 
ductmg cylmder head The workmg •'ubstance is now 'fO compressed, as 
indicated m Hg 5-2 (c), that heat is rejected or discarded to the cold body 
without any change m temperature of the working ‘mlx.tance 

The isothermal compression is stopped at 'meh a time that a further 
adiabatic compre^on, represented in Fig 5-2 (d), with the non-conducting 
cylinder head in place, wiU return the workmg substance to its initial 
condition The cycle may now he repeated indefimtely 

S-3 The Camot-Cycle Efficiency — The purpose of any heat engme 
IS to transform mto work as much as possible of the heat supplied to the 
working substance The eflSciencj (thermal) of such an engme maj be 
defined as the net work done bj an engme dinded bj the heat supphed 
to its workmg substance by the hot body Thus, 


XetWk 



From the law of conservation of energj that portion of the heat 
supphed which is not rejected must be dehvered as work Hence, 

An alternate form of the eflSciency equation becomes 

Eff (^2) 

All the heat •mpphed to the working substance m the Carnot p>cle 
is supphed at constant temperature For this constant temperature 




jWk* 

j 


Pii 


1 

I log. ^ 


xtrtb t r , 

log. ^ 


where Tg is the temperature of the hot bodj 

The heat rejected bj the working «nbatance is> rejected at constant 
temperature Hence, 
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Qr — ^zQa 


3Wk4 _ WRTl 

J J ~ 



where Tl is the temperature of the cold body. 
Substituting in equation 5-2, we obtain 


Carnot E£f. = 


WRTh log. '^^-WRTl log. ^ 
WRT „\og3 

Yl 


But 


and 


Therefore, 
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and Carnot Eff . = = 1 — (^“3) 

The net work of the cycle could have been found by evaluating the 
work of each of the four processes of the cycle and adding these values 
algebraically. The work thus calculated must equal the difference 
between the heat supplied and the heat rejected. 

Since the area under the graph oi any non-how reversibie process on a 
P-7 plane represents the work done during that process, it should be 
evident that the algebraic summation of the work of the four processes of 
the Carnot Cycle must equal the enclosed area, as area 1234 in Fig. 5-3, 
on the P-7 plane. 

An analysis of equation 5-3 shows that the efficiency of the Carnot 
Cycle increases as the cold-body temperatureie^i, is decreased, and the 
efficiency approaches 100 per cent as Tl apprcJ.r}ihes absolute zero. How- 
ever, work must be’ done to artificially keep the temperature of the cold 
body below that of its surroundings. It will be shown later in this chapter 
that the work done to keep the cold body at an artificially depressed 
temperature is, theoretically, equal to the added work obtained by arti- 
ficially depressing the temperature. 

An analysis of equation 5-3 shows also that the Camot-Cycle efficiency 
increases as the source temperature Th increases, and the efficiency 
approaches 100 per cent as the source temperature approaches infinity. 



64 


Engineering Thermodi vamics 


Although this statement is derived from an analysis oj the Carnot-Cycle 
efficiency, the fundamental concept holds for all heat engines This 
concept, that the efficiency is increased as the temperature at which heat 
IS added is increased, explains the concerted effort of heat engine designers 
in the last decade or two to increase the temperature at which heat is 
added This is true whether the heat engine is a gas turbine plant, a 
steam-turbine plant, or an internal combustion-engme plant 

5-4 The Second Law of Thermodynamics — In Art 5~2 it uas 
pointed out that, "when the end of the strobe was reached m the Carnot 
Cycle engine, it was necessary to throw away to the cold body part of the 
heat which nas supplied by the hot body, in order to return the worlang 
substance to its original state and repeat the cycle One form of the 
Second Law of Thermodynamics expresses this condition as follows 
No engine actual or ideal, can completely and continuo usly iramform into 
work, all the heat added to its working substance - ' 

The Second Law is incapable of direct proof, either mathematical or 
experimental However, whenever heat is being transformed into w'ork, 
the limitation on the amount of the translormation exists in all eases 
This incomplete transformation may appear to a beginner as an artificial 
limitation introduced by man’s lack of imagination, rather than by any 
natural phenomena The student should keep in mmd, however, that 
experience has venfied the Carnot Principle, which may be stated as 
follows As heat is added at a higher level nf te-mperaini aj-A-^Teater 
portion of It IS turned into wor k Extrapolation of existing data indicates 
that heat must be added at an infinitely high temperature if all of it is to be 
turned into work 

There are many forms of the Second Law C lausius’ form is *T t is 
imp ossible for a self-acting machine, ui^aided by any external agency , to 
conv ey heat from one body to another at high er temperature ” — 

Kelvm R fitatement. ■ lA. *Tt is imp os^^ihle hv means of inanimate 
mi^nal agency to derive mechanical effect from any portion of j natter 
hv eoolmg it below the '■rature of surrounding objects ” v-- 

^eve’s statement is _ t tiergy tends ever, so long as it undergoe s no 
transformation . to graMtate to a lower deg cegjpf j^ensity^’ 

It IS difficult to combine these various statements into a single form of 
the Second Law because the Second Law covers so much temtoiy In 
general, the Second Law states that heat is a low-grade form of energy, 
that is, it cannot be completely converted into some other forms The 
temperature at which heat is added is a measure of the possible degree of 
its tr&nsfonnatiQB into work Heat tends to gravitate to a fouer tempera 
ture plane where there is less possibility of transforming it into work 
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This is an irreversible process. Heat can never, of its ovm accord, flow to 
a higher level of temperature. The maximum proportion of heat may be 
turned into work when the unused heat is thrown away at the lowest 
naturally available temperature. Nothing can be gained by rejecting 
it at an artificially lower temperature. 

-kSS. The Reversed Camot^Cycle Engine.— As each process of the 
Carnot Cycle is a reversible one, it is possible to reverse the direction of 
operation of the Carnot Cycle. If the working substance expan ds af. 
constant temperatme when in contact vdth the cold bo dy, it will ab stract 
Seat fronithe cold body, as indicated by process 1~2 in Fig. 5-4~ ^ If the 



working substance is compressed in a reversible adiabatical manner, as 
indicated by process 2~3, until it reaches the temperature of the hot body, 
compression at the hot-body temperature, as indicated by process 3-4, 
will result in rejection of heat to the hot body. The working substance 
may now be expanded reversibly and adiabatically, as in process 4r-l; 
and the process may then be repeated. 

The heat put into the hot body is equal to the heat picked up from the 
cold body plus the net work supplied from the outside to nm the engine. 
If, for given temperatures of the hot and cold bodies, a quantity of heat 
is supplied to a straight heat engine, a definite amoimt of work will be 
produced. If the same amount of work is put into a reversed heat engine 
working between the same temperature limits, the reversed heat engine 
will return the same quantity of heat to the hot body as was originally 
abstracted from it. This must be true, or the cycle would not be reversible. 

A reversed Camot-Cycle engine — as are all reversed heat engines — ^is 
a refrigerating machine, because it is capable of maintaining a cold body 
at a low temperature by abstracting heat from it. 
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The concept of a reversed Carnot-Cycle engine may be utihzed to 
demonstrate several axioms related to the Carnot Principle In Fig 5-5, 
engine A is a normal heat engine and engme -B is a reversed heat engme 
The two engines are coupled together 

In the first case, let both engines be Camot-Cycle engines Then the 
amount of heat abstracted from the hot body by engine A is returned to 
the hot body by engine B Like- 
wise, engine B removes from the cold 
body a quantity of heat equal to that 
rejected to the cold body by engine 
A As should be expected when two 
engines are operated so that one 
exactly reierses the perfonnance of 
the other, no net change is produced 
by the operations of these engmes 
Such engines are reiersible engines 
The foregoing statement must 
mean that the efficiency of a Carnot- 
Cycle engme is mdependent of the 
nature of the workmg substance To 
demonstrate this, assume that the 
temperature of the hot body is 1000 R 
and the cold body is at 600 R Let 
engme A take 100 Btu from the hot 
body If the workmg substance m engine A is a perfect gas, then, accord- 
ing to equation 5-3, the efficiency is 40%, and 40 Btu of heat is conierted 
into work which is used to run engme B If the working substance in 
engme B is also a perfect gas, then this work would deliver 100 Btu of 
heat to the hot body If it is felt that the use of some other working sub- 
stance would mcrease the efficiency of the Carnot Cycle engine, let that 
working substance be used m engine A Then, by virtue of its higher 
efficiency, engine A would transform into w ork more than 40 Btu out o? 
the 100 Btu it received By virtue of receiving a larger quantity of work, 
engine B wall pump more than 100 Btu into the hot body This would 
result in a gradual transfer of energy from the cold body to the hot body 
As expenence has demonstrated that beat wall not, unaided by an outside 
agency, flow to a higher-temperature object, it is impossible to find a 
w orkiDg substance giving higher efficiency than the perfect gas 

If it is believed that the use of a workmg substance other than a perfect 
gas will result m a lower efficiency m the Carnot-Cycle engme, let that 
flmd be used m engme B If engme B were run under the foregoing 
conditions as a beat engme, an amount of w ork equivalent to less than 40 



Fig 5-5 Actianft of Coupled NoYiaal 
and Reversed Heat Engines 
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Btu would be required by it to deliver 100 Btu to the hot body. If engine 
A delivered work equivalent to 40 Btu, then engine B would pump more 
than 100 Btu into the hot body. This, as before stated, is impossible. 
Therefore, the eflSciency of the Carnot Cycle is independent of the nature 
of the working substance and equals that determined by equation 5-3 for 
the engine using a perfect gas. 

In a like manner, it is possible to show that no engine can have a higher 
efficiency than that of the Camot-Cycle engine operating between the 
same temperature limits. It may also be shovm that the efficiencies of all 
reversible engines are the same when operating between the same tempera- 
ture limits. 

5-6. Available Energy and Unavailable Energy. — ^According to the 
Second Law, only a portion of the heat transferred at a given temperature 
can be turned into work. This portion which is capable of being tran s- 
formed into work is called availubl e eneravj that is, e nergy available f or 
doing work. The remaining p orti on of the heat transferred, which under 
no cir cumstances can be turned into work , i s unavcdlahle^ jiexgy^ 

Whent^ing to produce work from heat, it is desirable to know at 
all times how much heat is available energy and bow much is unavailable. 
It is also desirable to know what happens to both the available and un- 
available energies possessed by a body when the body experiences a change 
in state, to make certain that there is a minim um loss in the ability to do 
work. 

The concept of available energy will be presented here from the tem- 
perature viewpoint, to concentrate the student’s thoughts on heat flow for 
^thermodynamic reasons. The subject of available energy can be extended 
to a system that is at the same temperature as its surroundings but has a 
higher pressure, velocity, or elevation, as in a hydraulic power plant. 

The yardstick used for measuring the available and unavailable por- 
tions of heat transferred is a theoretical engine, receiving heat at the 
transfer temperature and rejecting heat at the lowest available temper- 
ature. For instance, suppose 50,000 Btu is added to boiling water at a 
temperature of 400 F and it is desired to determine the portion of the 
50,000 Btu which is available energy. The lowest available temperature 
is taken to be 60 F. This available energy can be determined by suppos- 
ing the 50,000 Btu to be added to a theoretical engine at a temperature of 
400 F with the theoretical engine rejecting at 60 F. The calculated work 
of the theoretical engine is the available energy in the 50,000 Btu which 
is actually added to the water. The rest of the 50,000 Btu is unavailable 
energy. The theoretical engine to be used depends on the particular 
heat-power field under consideration. For example, when dealing vdth 
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steam it is customarj to use the Rankme engiae as the jardstick (See 
Chapter 7 ) As the efficiencies, and hence the poiver outputs, of all 
re\ersible cycles are the same for the same conditions, anj reAersible cj cle 
may be used for the theoretical engine In accordance inth normal pro- 
cedure, the Carnot engme \nU, m general, be taken as the standaid to 
measure the available and unavailable euergj 


As the efficiency of the Camot~Cv cle engme equals 1—^, its output 

la 

and hence the av ailable portion of the heat transferred is 


Av ailable Energy Portion = 1 “ (S-4) 
The remamder of the heat transferred is unavailable energy Thus, 

Unavailable Energj Portion = Q* — ^ (^5) 

Example B~1 — Assume that 50 000 Btu is added to bodiug crater at a temperature 
of 400 F and the lowest available temperature la 60 F Determine the available and 
unavailable portions of the SO 000 Btu added 

Solulwn — By use of equation 5-4 the available energy portion equals 

50 000^1 = lOOOfI -0 6047) = 19 765 Btu Ans 

The unavailable energy portion equals 

SO 000-19 76o=30 235 Btu Ans 

or 50 000X^=30 235 Btu Ans 

Equations 5-4 and 5-5 are based on the assumption that heat is trans- 
ferred at a constant temperature In the majoritj of cases when heat is 
transferred to or from a bodj , the body undergoes a temperature change 
Thus, each unit of heat is transferred at its own particular temperature 
In order to determine the available and unavailable portions of heat 
transferred at a varying temperature, it is necessary to imagine a senes 
of Camot-Cycle engmes, each engme reeemng the unit of heat at the 
particular temperature at which it is transferred Each engine will reject 
heat at the lowest available temperature For each umt of heat, dQ„ the 
available portion equals 

where T// is the particular temperature at which dQ, is transferred 

The unav ailable portion of dQ, equah 

Tl 
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The total available portion of the heat transferred equals the summa- 
tion of all the available portions. Thus, 


Available Energy Portion = / dQ,— I dQ,~ 

X X 

Tl, is considered to 1 

/ 2 

portion of the he 

tion-I-.y f 


As the lowest available temperature, Tl, is considered to be constant, 

Available Energy Portion / ~ (5-6) 

Likewise, the total unavailable energy portion of the heat transferred is 
Unavailable Energy Portion— ITi, / ~ (5-7) 


The limits on the above integrals are the values of between which 
heat is supplied. Equations 5-6 and 5-7 are general equations. If the 
temperature at which heat is transferred is constant, these equations will 
reduce to equations 5-4 and 5-5, respectively. 


Example — Heat amounting to 200 Btu is added to 4 lb of water having an 

initial temperature of 100 F. The lowest available temperature is 60 F. Calculate 
the available energy and the unavailable energy added. Assume that the specific 
heat of water is unity. 

Solution , — ^The addition of heat to the water will produce a temperature rise of the 
water. The final water temperature is needed. In this case, 

iQ2=Trcx(T2-ri) 

or 200 = 4XlX(T2-ri) 

Hence T2-Ti=50 


and ^2 = 61011 

The unavailable energy added may be found by use of equation 5-7. 




dT_ 

Th 


=520X4X1 


f'il. 

X 


= 520X4X1 log.^ 
= 520X4X1 logeg^ 


= 177.8 Btu 

The rest of the 200 Btu supplied is available energy. This equals 

200-177,8 = 22,2 Btu 


This equals 


Ans. 

Ans. 


In a particular state, a given body possesses a definite amount of 
energj^. Some of this energy can be used to do work and hence is avail- 
able energy’’. The remaining portion of the energ}'’ of a body is unavail- 
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able energy The available energy of a body can be increased by adding 
energy to the body m the form of heat or -work Available energy can 
be removed from a body by making it do VkOrk or by taking heat from it 
The unavailable energy of a body can be increased by adding heat to it 
The unavailable energy of a body can be decreased only by removing heat 
from it If there is any irreversible process vnthm the body, there is a 
decrease of available energy and a corresponding increase m nnavailable 
energy (it being assumed that there is no energy exchange v?ith the outside) 

In Art 3-3 it was pointed out that there is a loss of ability to do work 
in every irreversible process This is another way of saying that m an 
irreversible process some of the available energy of a substance becomes 
unavailable When the working substance undergoes an irreversible change 
of state, its final molecular energy content is higher than it would have 
been had the change been a reversible one If the process nere a reversible 
expansion, the substance would give up some of its molecular energy to do 
work Less work is done by the substance in an irreversible expansion, 
and hence the final energy left will be higher in this case More nork 
IS required in an irreversible compression Again, the final molecular 
energy is higher If friction reduces the velocity of a flowing fluid, its 
molecular energy is increased by a quantity equal to the decrease in 
kinetic energy 

This excess of molecular energy resulting from irreversible action 
causes an increase in unavailable energy of the same amount as would be 
caused by the addition of a quantity of heat equal to this excess molecular 
energy The increase of unavailable energy resulting from irreversible 
action IS 


Increase in Unavailable Energy = T 



(5-8) 


where dQ/ is the equivalent amount of heat which would have to be added 
to produce the same effect as that of the irreversible action 

If heat IS added to a substance, increasmg its temperature from Ti 
to Ti, and then an irreversible process takes place withm the substance, 
increasmg its temperature from Ts to Ti the total change m unavailable 
energy of the substance is 

CdQ, 


Total Increase m Unavailable Energy = Tz, 


i 


(5-9) 


5-7 Entropy Changes — ^IVhen a body has a temperature above the 
lowest available temperature, it possesses ability to do work by virtue 
of its temperature This amount of available energy possessed by the 
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body is a function of its state and the lowest available temperature. The 
rest of the energy possessed by the body is imavailable energy. This un- 
available energy is also a function of the lowest available temperature, as 
well as state. When unavailable energy is divided by the lowest available 
temperature, a quantity ’will be obtained which is a function of state only. 
This quantity is called entropy. In other words, the en tropy of a body is 
the unavaila He energy of the bod y d ivided by the lowest available t em- 
perature. Bec^se it is a fxmction of state, entropy is^a ^jjrepertv. 

The evaluation of the total energj^ possessed by a bodj^ is difficult. 
Furthermore, a knowledge of the total energj^ of the body is of little value 
to an engineer. What he is concerned with is an evaluation of energy 
changes of a body when it changes state. Likewise, the engineer has little 
interest in the absolute value of the entropy of a substance, but he is \dtally 
concerned with the change in entropj^ of a body as it changes its state. 
Because ent rovu is a property , the change in entropy between t wo states is in de- 
pendent of the T)a7/rhnH"~5€p5i5^o?€?i/ on the two states. If the entropy 
change can be evaluated for one path, this vnU be the entropy change for 
any process between the two states. To detennine the entropy change, 
rearrange equation 5-9- Thus, 


Increase in Unavailable Energy 


r ^ 


Also, 




^ (5-10) 


(5-11) 


■where S represents entropy. 

Equation 5-11 is valuable as it sho-ws that the entropj^ of a body may be 
increased by adding heat to the body or by allowing anj”^ irreversible process 
to take place -within the body. Because of the difficulty of evaluating the 
second term in equation o — 11, this equation is not used in calculating the 
increase in entropy of a body. The entropy increase bet'ween t^wo states, 
being independent of paths, may be determined by calculating the entropy 
change for any reversible processes or series of reversible processes between 
the two states. For reversible processes only. 


Sz-Si 



(5-1 la) 


where dQ is the infini tesimal amount of heat added in the assumed rever- 
sible process and T is the absolute temperature at which that quantity 
of heat is added. As dQ = IFc- dr, equation 5-1 la will become 
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S.-S,=y (5.1H,) 

If the specific heat is constant for the given process, 

S 2 -Si = Trc,log. ^ (5-lic) 

Example 6S —If 2 lb of air at 30 psia and 200 F changes its state to 16 psia and 90 F 
what IS the change vn entropy? 

Sob tioTi — As nothing 13 known about the nature of the process between the two 
states a reversible polytropic expansion will be assumed To determine the value of n, 
use equation 2-0 invertmg both sides Then 


Hence, 


30" 660 

15 “S50 


^^=0263 and fi*=136 


By use of equation 3-6 the specific heat is 

c,=0 1715 - 0 1905= -0 019 

Usmg equation 5-1 1 c for the change in entropy we get 
S.-S.-2(-0019)log.(|5) 

-2(0 019) log. (5g) 

=2 X0 019X 0 1826 = 0 00693 unit 


Ans 


Strictly, the units of entropy in the English system are Btu per degree 
Rankme, but it is customary simply to say so many units of entropy 
The choice of other reversible proces'^es may lead to equations which 
are easier to use than the smgle polytropic Such equations are not 
introduced here as it is felt desirable to keep the number of equations 

The evaluation of the change m entropy for any re\ersible process 
simply calls for the substitution of the value of c* for the process into 
equation 5 11b If the process is an isothermal one equation S-llb 
becomes mdetemmiate It is then necessary to use equation 5-1 la in 
■which T, being constant, may be taken outside the mtegral sign 

Entropy change is merely a mathematical term or a ratio, the stu- 
dent should learn to use it as he does other ratios How ever ei en though 
no satisfactory physical significance can be given to an entropy change, 
it IS very desirable to see the uses of entropy as a property as well as its 
apphcation m connection with both unavailable energy and heat 
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Entropy, being a property, is useful in fixing the state of a substance. 
Equation 5-10 shows that in a reversible adiabatic there is no entropy 
change, since each Q-term equals zero. If the entropy* can be evaluated 
at the initial condition, then the final entropy is also known. Knowledge 
of only one other independent property at the final condition will provide 
sufficient information for the evaluation of all other properties at the second 
state. This fact is frequently used in reversible adiabatic processes of 
vapors, as will be shonn in Chapter 6. Because there is no change in 
entropy in a reversible adiabatic, such a process is often called an isentro'pic 
(f.e., same entropy). 



Fig. 5-6. Temperature-Entropy Diagram 


Some properties are extensive (such as volume) ; others are intensive 
(such as pressure). The product of an intensive property and an extensive 
property may represent an energy quantity. Thus the product of pressure 
and volume change during a reversible non-flow process represents work. 
Hence the pressure-volume diagram is widely used, because the area under 
the curve for any reversible non-flow process on this diagram equals the 
work done. For the same reason a temperature-entropy diagram has much 
value, because the area under the curve for any reversible process on this 
diagram represents the heat transferred. Here temperature is the intensive 
property, and entropy is the extensive one. In Fig. 5-6 is shown a revers- 
sible addition of heat to a body. The cross-hatched strip has an area 
equal to T dS, The total area imder the curve between points 1 and 2 

♦ Strictly speaking, this is the entropy above a datum plane or the change in entropy 
from the datum plane to the initial conditions. 
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equals i TdS From equation 5-1 la, dQ~TdS and iQj= f TdS 




Hence the area under the curve for any rctcrstfife process on a body must 
equal the beat added to or renio\ ed from the bodj 

The temperature-entropy diagram al«o has ialue in showing changes 
m unavailable energj of a body The product of the mtensi\ e property, 
lowest ai ailable tempierature, and the evtensn e property , entropy change, 
equals the change of unavailable energj of a body for any process 


dT 


1 reversible 


T 


process, dS ■■ 
for dQ, the slope equals 


Then the slope equals dT- 
TdT 


' T 


If T1 c* dT IS substituted 


Slope = 


He. 


This equation show's that the greater the specific heat, the smaller is the 
slope In a constant-temperature process, the specific heat is mfimty and 
the slope is zero For an i^^entropic* process, the specific beat is zero and 
the slope is infinity 

The four common proc^ses are shown in Fig 5-7, together with their 
values of n It is to be noted that values of n for these curves progress 
in an orderly fashion m a clockwise direction This is helpful because the 
curv e of a process may be "^potted m roughly if its v alue of n is known 
(Compare Fig 2-5 for P-V curv es ) Equation 5-lOa showrs that the 
entropy can increase m a rev ersible process onl 3 when beat is added A 
removal of heat is accompamed by a decrease m entropy A study of a 
curve on the T— S plane should reveal whether heat is bemg added or 
removed by notmg whether or not the entrop> is increasmg This is 
illustrated m Fig 5-7 bj the dotted curv e for n = 1 25 In case it is known 
that the temperature increases during the process, the curv e must proceed 
upward and to the left This means that the entropy is decreasing and 
heat IS bemg remov ed 

Example 5-4 —A quantity of air weighing 20 lb onginslly at 200 F, is heated at 
constant pressure by the addition of 400 Btu of beat If the lowest available temper- 
ature IS 60 F, calculate the change in entropy of the air and the available energy portion 
of the heat added to the air 

* Isentropic is here used in the sense of reversible adiabatic AH reversible sdia 
batic processes are isentropic but the converse is not necessarily true If in equation 
5-10 the two integrals were to add up to tero by having heat removed to counter 
balance the irreversibility effect the operation would not be adiabatic 
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Solution. Refer to Fig. 5-6. In this case the final temperature is needed. From 
the conditions, 




_Q__ 

TFCp 20X0.24 


400 


=83.3 


Hence, 

From equation 5-1 Ic, 


72=743 R 


S2-Si = 20 X0.24 loge =0.0567 unit 


Ans. 



Fig. 5-7. T-S Diagrams for Common Processes 


Because entropy change equals the change in unavailable energy divided by the 
lowest available temperature, the increase in unavailable energy equals 0.0567 
(460+80) =306 Btu. 

This 306 Btu is the increase in unavailable energy of the air. It is also the unavail- 
able portion of the heat added. The available portion of the heat added is the 
remainder of the 400 Btu. Thus, 

Available Energy Portion= 400— 306=94 Btu Ans 

Example 5-S.—k quantity of air weighing 4 lb is compressed in a centrifugal com 
pressor from 14 psia and 70 F to 42 psia and 310 F. If the lowest available temperature 
is 40 F, calculate the loss of available energy during the compression process. 

Solution , — Because the air flows through a centrifugal compressor in such a short 
period of time, it can be assumed that no heat is lost during the compression. To find 
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the change m entropy during the compression assume a reverpible polytropic process 
between the two state points Then 



from which 1453 *=3 " 

Hence, 5:^=0 34 and n=1515 

The specific beat la 

c*=»0 17l5+ ^^^ - ^°Yi5i5) = P 1715-0 133=.0Q385 
and the change in entropy is 

iSj-5i=4XO 0385Xlog.^~)=0 00575 unit 

The mcreasB in unavailable energy equals 0 0575X500 = 28 8 Btu As no heat was 
added or removed this increase in unavailable energy must come from the available 
energy Thus the loss in available energy equals 28 8 Btu Ans 

Note The difference between the actual work and the theoretical work of the 
compressor exceeds 28 8 Btu as part of the difference in work is energy possessed by the 
air which is available for domg work 

★S-8 Reversible and Irreversible Heat Transfers — In Art 5-7 
reversible heat transfers were described as T~S processes Their impor- 
tance justifies a more detailed analysis In Art 6-0 it was shown that 
the amount of the available portion of heat added to or taken from a body 
depends on the temperature at which the heat transfer takes place If 
1000 Btu IS removed from a body at a constant temperature of 400 F, and 
CO F IS the lowest available temperature, then the available energy removed 

IS lOOof- ^ -r-T-TT: ) = 395 3 Btu In case the same amount of heat is 
\400 -1-460/ 

added to a body at a temperature of 300 F, with the same lowest available 

/ 300— GO \ 

temperature, the available energy added is j =315 8 Btu 

Thus, because the heat is added to the second body at a lower tempera- 
ture than that at which it was removed from the first body, less available 
energy is added to the second body than is removed from the first body 
Abihty to do work is lost as a result of such a heat transfer As the total 
energy added to the second body is the same as that removed from the 
first, this means that some of the available energy has become unaiailable 
This loss of available energy and gam of unavailable energy is shomi 
in Fig 5-8 The total area in each of the three rectangular figures repre- 
sents the heat transferred, or 1000 Btu The cross hatched areas represent 
the unavailable portions of the beat transfened The unavailable energy 
added from 3 to 4 is decidedly greater than that removed from 1 to 2 
This excess of unavailable energy comes from decrease m available energy 
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If the illustration is carried still further, and all of the 1000 Btu is added 
at the lowest available temperature, as in process 5-6, then all of the 
available energy becomes unavailable. 

As the concept of a reversible process is one in which none of the ability 
to do work is lost, then heat transfer from a body at high temperature to 
one at lower temperature is an irreversible process. When the tempera- 
ture of the body recehdng heat is brought closer to that of the one supplying 
heat, less available energy is lost in the heat-transfer process. In the 
limiting case when heat is transferred from one body to another 
body at the same temperature), there is no loss of available energy. Such 
a transfer is a reversible one. 



Care must be taken to distinguish between the transfer of heat from 
one body to another and the actual addition of heat to the second body. 
If a pan of water is heated over a burner on a stove, the transfer of heat to 
the pan is very definitely an irreversible process. However, if the thermal 
conductivity of the pan is so high that its temperature remams substan- 
tially the same as that of the water, then the transfer of heat from the pan 
to the water approaches reversibilitj". Similar cases may arise in certain 
heat-engine cycles, such as the Rankine, in which heat may be added to the 
working fluid in a reversible manner but the transfer of heat from the source 
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IS irreversible Such a cycle, m spite of its reversibility, iviU have a lower 
efficiency than that of the Carnot Cycle for the same source and sink 
temperatures 

An irreversible heat transfer causes a net increase in entropy Any 
irreversible action tabng place withm the body also increases the entropy 
(see equation 5-10) Because m practice every 
process is an irreversible one, eveiy change of any 
sort 13 ultimately accompanied by an over all in- 
crease m entropy * This has led to the Btatement 
that the entropy of the unn erse is continuously 
increasing Since an increase in entropy means 
an increase m unavailable energy, in every actual 
process some of the supply of available energy is 
becoming unavailable ‘ The stock pile of avail 
able energy of the uni’i erse is gradually being used 
up " Some philo'sophers have not agreed with 
this conclusion claiming that somewhere m the 
universe a reverse action must be going on in 
which unavailable energy is being turned into 
available energy The existence of such a process 
IS open to question 


«^5-9 The Thennodynamic Scale of Tem- 
perature — Thus far the scale of temperature has 
been tied up with the physical properties of water 
The concept of the Camot-C> cle engine gives nse 
to a temperature scale that is mdependent of the 
properties of any working substance This is il- 
lustrated m Fig 5-9, as follons 
Take a quantity of heat Qi out of the hot body at temperature T\ and 
supply it to a Camot-Cycle engine, as engine I This engine will produce a 
quantity oi work; and wid reject the remainder oi as O 2 to cdld’oody 1 at 
temperature Tt The amount of work produced by engine I, for a given 
value of Qi, depends solely on the amount of the temperature difference 
T1-T2 

* It must be remembered that for a smgle process involving one substance such as 
a gas there is one way in which to decrease entropy namely to transfer heat /rom the 
substance and there are two ways m which to increase entropy one by transfemug 
heat to the substance and the other by having an irreversibility occur benever heat 
13 removed from one substance it must be given to another substance at a lower tern 
perature as a result of the oveT~all change of entropy which is the algebraic sum of a 
decrease applicable to one substance and a larger mcrease applicable to another sub- 
stance there IS an ultimate mcrease in entropy 



Ftg 5-9 Concept for 
Thermodynamic Scale 
of Temperature 
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Now set up a second Camot-Cycle engine, as engine II, which receives 
the quantity of heat Q 2 from cold body I. Adjust the temperature Tz of 
the cold body II, to which engine II rejects heat, so that the work produced 
in engine II is exactly equal to that produced in engine I. The work 
produced in engine I is 

(e-)(^) 

and Q2 =Qx-Qi(^^)=Qi(^) 

The work produced in engine II is 







T2-Tz 

7^2 



T^-Tz \ 
Ti ) 


Equating the works of the two engines, we get: 




^2- 

Ti 



or Ti-T 2 =T 2 -Tz . 

Thus, when the two engines produce equal amounts of work, the 
temperature ranges over which they operate must be equal. By using 
this concept, a scale of temperature may be set up in which a unit of tem- 
perature is that temperature difference necessary to produce a unit amount 
of work in a Camot-Cycle engine, the amount of heat supplied to the 
Camot-Cycle engine and the temperature at which it is supplied both 
being fixed. 

Two concepts of the absolute zero of temperature have been given, 
i.e.j by the kinetic theory of gases and by Charles^ Laws. The Camot- 
C3’'cle engine set-up leads to a third concept. If additional engines and 
cold bodies be added to the arrangement shoum in Fig. 5-9, more and more 
work will be produced until, when enough engines are added, the summa- 
tion of the amounts of work produced by all the engines vill equal the heat 
Qi removed from the hot body. As it is impossible to produce more work 
than this, it is inconceivable that there can be a temperature lower than 
that of the last cold body. Thus, absolute zero of temperature is the 
cold-body temperature which will enable a Camot-C^cle engine to trans- 
form all the heat it receives into work. Temperatures above this absolute 
zero of temperature, measured in terms of work of the Camot-Cycle engine, 
were first proposed by Lord Kehdn in 1848 and were termed absolute 
temperatures. 
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VAPORS 

6-1. Vapors Versus Gases. — Matter is said to exist in three forms, 
solid, liquid, and gaseous. A gas has no form of its own but fills the entire 
container in which it is placed. Furthermore, a gas is conceived of as a 
substance far removed from its liquid state. A vapor, on the other hand, 
commonly denotes that material given off by a liquid when it is heated. 
The vapor, like the gas, has no form of its own. As all known gases may 
be liquefied, it is possible that imder certain conditions all so-called gases 
may fit the concept of a vapor. Hence, there can be no rigid line of 
demarcation between a gas and a vapor. Common usage, however, has 
designated as vapors those substances which are ordinarily near the point 
of liquefaction. On the other hand, those substances are called gases 
which are ordinarily far removed from their point of liquefaction. Thus, 
steam is always thought of as a vapor and air is always thought of as a gas. 
This is a poor policy because, under some conditions, steam may be treated 
as a perfect gas without appreciable error. On the other hand, under other 
conditions, a very serious error mil be caused by assuming that air is a 
perfect gas. 

From the engineering standpoint a vapor may be taken as any sub- 
stance w^hich under its given conditions is so close to its liquefaction point 
that the use of perfect-gas laws causes serious* error. Two outstanding 
reasons for failures of the perfect-gas laws are that in vapors molecular 
attractions are appreciable* and molecular sizes are appreciable* in com- 
parison to the total volume. Because perfect-gas laws cannot be used for 
vapors, it is desirable to re^dew equations used earlier and see which may 
be used for vapors. 

P V P V<y 

Equation 2-3, which is PV=WRT or derived for a 

perfect gas and cannot be used for vapors. 

When the plot of a process of a vapor Is made on the P-V plane, it has 
been found that under certain conditions — particularly when the vapor is 
not very close to condensing — equation 2-4, which is P^V^^P^y^^ fits the 
actual curve very closely. On the other hand, if condensation or evapora- 


* The use of the indefinite words ‘'serious” and “appreciable” points out the impossi- 
bility of distinguishing a gas from a vapor. In general, the closer a substance approaches 
its point of liquefaction, the more it deviates from perfect-gas laws. 
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tion occurs during the process, there may be a large break m the curve, 
each section of the curve having its oivti value of n Under these conditions 
it becomes diflScult to use equation 2-4 

The equations for the pressure-temperature and the volume tempera- 
ture relationships, or equations 2-5 and 2-6, will not hold for vapors, as 
the characteristic equation for a perfect gas was used in their development 
iWko 

Equation 3-1, or 1 ^ 2 == U 2 — UiH — j— , must hold for vapors as well as 

gases, as it IS a form of the law of conservation of energy 

Equation 3-2, or iQ 2 = WcJJ'%— Ti), may be used, but difficulty may 
be encountered as the value c* may not be readily obtainable in many cases 

Equation 3-3, or i^Vk 2 “ J" P dV, is vahd for vapors Difficulty may 

be encountered in its use, however, because of the inability of obtaming the 
true pressure-volume relationship for the process in question 

Equation 3-4, or U 2 ~Ui~WCt{Ti—Ti), holds only for a perfect gas 
The equation of steady flow, being a form of the law of conservation of 
energy, must hold for vapors as well as for 
gases 

Equation 4-3, or H 2 — IIi = WCp(T 2 —Ti), 
holds only for a perfect gas 

Equation 5-1 1, or Entropy Change — Change 
in Unavailable Energy divided by the Lowest 
Arailable Temperature, is a general definition 
and hence applies to \apors as well as gases 
It will be shown in Chapter 14 that, if an 
accurate equation of state is known for a 
vapor, it is possible to set up equations to 
replace tliose used for perfect gases However, 
if accurate results are desired under all con- 
ditions, these equations become excessively 
comp*iex miiimn^e tlrns fnffiicnVcy, A vs 
desirable to have available properties of the 
vapor m question 

H %ea aTcjonsU^T^ Saturated and Superheated Vapors 

Pressure ° Consider a cylinder contaimng water with a 

loaded piston resting on the water, as indi- 
cated in Fig 6-1 If the water is cold at the begmnmg of the process, 
addition of heat will produce a temperature nse The entropy of the 
water will also increase, as is sbowm by the process 1-2 m Fig C-2 After 
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sufficient heat is added, the water will start to boil. This boiling takes 
place at constant temperature. Since much heat is being added, there 
will be a large increase in entropy during the boiling process, as in pro- 
cess 2-3. When the water is completely vaporized, further addition of 
heat produces an increase in temperature as well as in entropy, as in 
process 3-4. 


4 



Fig. 6-2. Temperature-Entropy Plot of Heating 
Water and Steam at Constant Pressure 


The temperature at which boiling starts depends on the pressure 
impressed upon the water. It can be demonstrated that, if the pressure 
is reduced to 0.08854 psia, water will boil at 32 F. If, on the other hand, 
the pressure is increased to 3000 psia, water will boil at 695.36 F. A plot 
of boiling temperature versus impressed pressure for water is shown in 
Fig. 6-3. Plots of boiling temperatures versus impressed pressures for 
other liquids are simdar in shape. 

A boiling liquid is said to be a saturated liquid, e\ddently because it fails 
to remain in its given phase when heat is added to it. From this, the 
boiling temperature of a liquid, for its existing pressure, is known as its 
saturation temperature. The pressure impressed upon a liquid when it is 
boiling at a given temperature is knovm as the saturation presmre for the 
given temperature. A vapor existing at the saturation temperature is a 
saturated vapor. In the process of boUmg, a vapor generally entrains some 
particles of liquid and carries them away from the boiling liquid. Such a 
mixture is a wet saturated vapor. If the particles of liquid are mechanically 
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separated from the vapor or are vaponzed by addition of heat, the vapor 
IS dry saturated vapor, provided it exists at the saturation temperature 
Addition of heat at constant pressure to a diy saturated vapor produces 
a superheated vapor, t e , a vapor existing at a temperature in excess of the 
saturation temperature The difference between the existing temperature 
and the saturation temperature is calJed the degrees of mperheal 



If the process of beating cold water, described in the first part of this 
article, be repeated wuth lanous weights on the paston, data for a famdy 
of curves will be obtained Such a family is shown in Fig 6-4 The lines 
representmg the heating of the liquid up to its boiling temperature arc 
drawm in an exaggerated position because, in reality, they lie so close to 
each other that they would appear as one hne on a small plot 

A line connecting the points representmg the saturated liquid is known 
as th^ soturated liguid line This is often shortened incorrectly, to the 
term “liquid hne “ In a like manner, a line connecting the points repre- 
senting the dry saturated vapor is known as the dry saturated vapor hne 
This term is often shortened to “saturation hne ” It will be noted m 


Fig. 6-5. Satnrated Liquid Line and Dry Saturated Vapor Line on P-V Plane 
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Fig 6-4 that these two curves come together at the top and form what is 
known as the “steam dome “ In Fig 6-5 are shown the saturated liquid 
line and the dry saturated vapor line plotted on the P~V plane 

The point where the saturated liquid line and the dry saturated \apor 
hne meet is known as the critical point, which represents the critical state 
of the substance As the saturation pressure is increased, the changes in 
properties durmg vaporization are decreased, as can be seen m Fig 6-4 
and Fig 6-5, until they become zero at the critical point In other words, 
as the critical state is approached, there is less and less difference between 
the properties of a hqmd and its vapor until, when the critical state is 
reached, these differences disappear entirely At the critical temperature 
and at higher temperatures, the substance has all the charactenstics of a 
vapor and no charactenstics of a liquid 

6-3. Vapor Tables — Direct measurements of saturation temperatures 
for vanous pressures are made with comparative ease Direct detemuna 
tions of specific volumes are much more difficult, particularly at high tem- 
peratures and pressures Other properties, such as enthalpy and entropy, 
do not lend themselves to direct experimental determination but must be 
calculated from other determinations There are many thennod 3 nianiic 
means of correlating the vanous properties (see Chapter 14) For instance, 
by means of the Clapeyron equation, the volume change during vaponza- 
tion at any given temperature is fixed by the heat reqmred to vaponze the 
liquid (latent heat of vaporization) and the change in the saturation tem- 
perature with pressure at the given temperature Thus, to prepare a 
table of properties of a substance requires a vast number of experimental 
determinations and extensive calculations and correlations For this 
reason the existing tables of the properties of most substances are limited 
in the range covered and are, in many cases not veiy accurate 

The most extensive, as well as most reliable, tables that exist are for 
steam Since a tcchmque of handlmg vapors in engineering calculations 

tion and the use of steam tables is an exceedingly valuable asset to the 
student engineer, once he has obtained mastery of the techmque of handling 
steam tables, the engineer can apply this knowledge to the handling of other 
vapors Many of the other fluids for which the engineer desires tables are 
classed as refrigerants One of the most common refngerants is ammonia 
•pensive work on the determination of the thermodynamic properties of 
^ done by the U S Bureau of Standards and published by 

tenn “h table form * Abstracts of the thermodynamic properties of the 

, a Ithe Bureau of Standards, No 142 Tables of Thermodt/namte Properties 
1 ms lerm l x Printing OfEre. Washington, D C 
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most common refrigerants are to be found in the Refrigerating Data Book, 
published hy The American Society of Refrigerating Engineers. 

Aluch work has been done all over the scientific world for man3’* years 
on the determination of various properties of steam. Several indi^dduals 
have collected and correlated the existing information and have compiled 
steam tables. These tables have been superseded by others, as more 
extended and more accurate information became available. In the United 
States, early tables were those of Peabody, and these were followed later 
’by those of jMarks and Da^ds and by those of Goodenough. Next came 
tables by Keenan, and finally those by Keenan and Keyes. As the tables 
of Keenan and Keyes* are recognized as the standard in this countiy, all 
solutions in this text vdll be based on them. 

Tables 1 and 2 of Keenan and Keyes are similar, both dealing with the 
properties of saturated water and dry saturated steam. Table 1 is com- 
piled for even values of temperatures, and Table 2 is for even values of 
pressures. Table 2 contains values of internal energies, whereas Table 1 
does not. The arrangement of the properties in Table 2 is as follows: 


Abs. Press. 

Temp. 

Specific Vol. 


Enthalpy 


lb 


Sat. 

Sat. 

Sat. 


Sat. 

sq in. 

Falir. 

Liquid 

Vapor 

Liquid 

Evap. 

Vapor 

V 

t 

i’/ 

Vg 


hfg 

hg 


Entropy 


Internal Energj^ 


Abs. Press. 


Sat. 

Liquid 




Evap A apo. 

S/i? So 



Sat. 

Vapor 

Ug 


lb 

sq in. 
V 


Subscript / denotes the saturated liquid, g the dry saturated vapor, and 
fg the change in property during vaporization. \ 

Absolute values of enthalpy and entropy do not exik. Even if 
such values could be determined, they would be of little interest to 
the engineer. He is interested in obtaining the changes in theseVproperties 
during a change in state. The changes in these properties can ^e readily 
obtained if the values of these properties are known above somK datum 
plane. For steam, both the enthalpy and the entropy of the mated 
liquid are taken as zero at 32 F. ^ 

* Thermodynamic Properties of Steamy by Keenan and Keyes. JoW^TjJey & ^ns, 
Inc., 1936. 
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Table 3 of Keenan and Keyes gi\es values of specific volume, enthalpy 
and entropy of superheated steam up to pressures of 5500 psia As the 
engineer does not deal -n ith non flow processes to a large evtent, he has little 
need for \alues of internal energies Hence, these are not tabulated in 
Table 3 In ease of need, internal energy may be calculated from the 
defining equation 


-^6-4 Properties of Compressed Liquid Water — Table 4 of Keenan 
and Keyes gives means of determimng properties of non saturated 'water 
If the pressure on boiling 'water is increased, uhile the temperature ts kept 
constant the specific \oIume, enthalpy, and entropy 'Will change slightlj 
These changes in properties are given in Table 4 The use of Table 4 may 
be illustrated as follo'ws 



Fig 6-6 Skeleton T-S Diagram for Example 6-1 


Example B-1 — ^What is the specific enthalpy of water at 1500 psia and 300 ^ 
Solutiw — See Fig 6-6 The specific enthalpy A/ of saturated water at 300 F la 
269 69 (/yaot Table 4 or Table 1) Table 4 gives the quantity (A -A/) as 2 70 Btu at 
1500 pYh j,id 300 F Hence, the enthalpy A of the non saturated water eq^is 
269 594-1^ 272 29 Btu {In Fig 6-6 the enthalpy lines shown are exaKerated in 

scale to illustiv*« the difference between the entlialpy of the saturated hquid and that 
of the comp'res^ non-saturafed hquid ) 
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It is to bo noted from Table 4 that a small increase in pressure upon 
water, particularly at low temperatures, produces a very small change in 
its properties. For this reason, for low-pressure work, it is customary to 
neglect the effect of pressure on properties of a liquid and to assume that 
the values of its properties are the same as those of a saturated liquid at 
the same temperature. On the other hand, when working vdth pressures 
encountered in the modern high-pressure power plant, the effect of pressure 
on the properties of water becomes sufficiently important to warrant the 
use of Table 4. 

^6-5. Other Tables. — ^Table 5 is of particular value in dealing with 
air-conditioning problems at low temperatures, as it gives the properties 
of the saturated solid and its vapor from 32 F down to —40 F. Tables 
6 and 7 are useful in heat-transfer calculations. 



Fig. &-7. Skeleton T-S Diagram for Example 6-2 


6-6. Properties of Wet Saturated Vapor. — When dealing with wet 
saturated vapors, it is necessary to specify how much of the mixture is 
vapor and how much is entrained liquid. This may be done by specifying 
its quality which is the weight of the vapor divided by the total weight 
of the vapor and its entrained liquid. It may also be done by specifying 
its moisture content ^ wliich is the weight of the entrained liquid di^dded by 

* This is a specific definition for wet saturated vapor. In general, the word 
“quality’^ of a vapor denotes its condition, i.e,, wet or superheated, and how much. 
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the weight of the vapor and its entrained liquid The symbol for quality 
of a wet vapor is x, quality is expressed as a decimal 

The enthalpy of wet saturated \apor may be expressed on equation 
form as foUovs 

hx=hf-{‘xhfg ( 6 - 1 ) 

or (6-la) 

Equation G-la is to be preferred to equation 6-1 when the quality is 
greater than 60% as it enables one more sigmficant figure to be obtained 
on the slide rule 

The manner of determining properties of wet saturated xapors will be 
shown by means of an example 

Example 6-S — What is the enthalpy of a pound of saturated vapor at 200 psia? 
The quality is 02% 

Solvivon — See Fig 6-7 (the student should aXwayi sketch a skeleton T~S diagram 
when working problems such as these) From page 38 m Keenan and Keyes, the 
foUowmg values of enthsliay are obtained h/ =355 36, li/,=S43 0, h,=119S4 Aa 
addition of sufficient heat to boilmg water to turn 92 per cent of it mto steam will pro- 
duce saturated steam with a quahty of 92%, the enthalpy of saturated steam will equal 
the enthalpy of the saturated liquid plus the enthalpy change w hen 0 92 lb is changed 
mto steam, or 355 36-1-0 92(843 0) = 1131 0 That is, the enthalpy of the 92% quahlv 
steam is h,=1131 0 

It IS also true that the enthalpy of 92% quahty steam is less than the enthalpy of 
dry saturated steam by 8 per cent of the enthalpy of vaporization Or, hi=1198 4— 
003(843 0) = 11310 

Equations for obtainmg other properties of wet saturated \apor are 
similar in form to equations 6-1 and 6-la Thus 


Sr = Sf+XSta ( 6 - 2 ) 

or Ss— (1 — 3:)s/b (6-2a) 

or Vx = Vff--{l—x')v/g (6-3a) 


At low pressures, the volume of the hqmd is msigmficant in com- 
parison to the volume of the dry saturated vapor If the value of v/ be 
neglected, vjg=^Vg and equation 6-3 then reduces to 

Vt = xVg (6-3b) 

At higher pressures, the volume of the saturated liqmd increases and 
the volume of dry saturated vapor decreases until they become equal at 
the critical point See Fig 6-5 Thus, at the higher pressures the 
volume of the saturated bquid cannot be neglected if any degree of accuracy 
IS desired No hard or fast rule can be established for determining the 
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pressure below which the specific volume of the liquid may be neglected 
until the desired degree of accuracy of results is known. It is suggested 
that at first the student use equations 6^3 and 6— 3a for all cases, as they are 
similar in form to the equations for other properties. 

6-7. Determination of Properties in a Given State. — ^To evaluate such 
quantities as heat added, work done, and change in entropy for vapors, 
it is generally necessary to have a knowledge of the value of more of the 
properties of vapors at both the start and end of the process than are 
measured. As pointed out in Art. 3-S, the state of the substance — and 
hence aU its properties — ^is fixed if two independent properties are fixed. 
Hence, it becomes necessary to determine and tabulate two independent 
properties at the start and at the end of the process and from these inde- 
pendent properties to find the other desired properties. 

In case the vapor is in the saturation region, the specification of its 
specific volume, enthalpy, entropy, or internal energj^, together with its 
pressure or with its temperatiue, permits the determination of its quality 
and hence the other desired properties. In the superheated region, all 
properties may be determined from the superheated tables (Table 3) if any 
two of the following are specified: pressure, volume, temperature, enthalpy, 
and entropy. In case one of the preceding properties is specified along 
with the internal energy for superheated steam, the state is truly fixed; 
but the values of the other properties can be determined onl}’’ by a trial- 
and-error solution, as internal energies are not given in the superheated 
tables. 

The determination of properties in a given state ma}^ be illustrated by 
the following examples. 

Example 6-S , — Steam at a pressure of 100 psia has a specific enthalpy of 1100 Btu 
per pound. What is the specific entropy? 

Solution , — By equation 6-la, 

Hence, 1100 = 118/. 2 — (1 — x)SSS.S 

and l-x=^=0.09Sl or 9.81% 

No\r see Fig. 6-S and note the entropy dimensions. By equation 6-2a, 

(1— x)5/ff 

= 1.6026— 0.0981(1.1286) =1.4919 units per lb Ans. 

Example 6-4 , — Steam at a pressure of 2500 psia has a specific volume of 0.127 cu ft 
per lb. What is its specific enthalpj'? 

Solution , — ^By equation 6-3a, 

tV=rg-(l -x)vfg 
0.127=0.1307-(l-x)0.1021 

l-x=^2gJ=o.0361 or 3.61% 


Hence, 

and 
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By equation 6-la, 

« 1091 1 -0 0361 (360 5) =1078 1 Btu per lb Ans 

Example 6-5 — Steam at a pressure of 140 psia has a temperature of 440 F What 
19 the specific enthalpy? 

Solution — As the given temperature of 440 F is liigher than the saturation tempera 
ture of 353 02 F, the steam is superheated From the superheat tables for the given 
conditions of pressure and temperature, the specific enthalpy is given as 12433 Btu 
per lb 



Examplt €-6 —-Steam at a pressure of 210 psia has a specific enthalpy of 1267 8 Btu 
per lb What is its specific volume? 

Solution —As the given specific enthalpy is higher than that of dry saturated steam 
at this pressure (A, *1199 0), the steam must be superheated From the superheat 
tables the pressure of 210 psia and the enthalpy of 1267 8 Btu per lb are two independent 
properties which definitely establish a point nhere the temperature is 500 F At this 
point, the specific volume is 2 589 cu ft 

6-8 Changes of State of Vapors for Non-Flow.— As pointed out m 
the first part of this chapter, it is generally difficult to evaluate the heat 
added to vapors in terms of weight, specific heat, and temperature change 
There are two special non-flow cases where the heat added may be deter- 
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mined directly from the properties of the vapors. These cases are the 
constant-pressure and the constant-volume ones. 

In Art. 4-3 it was shown that at constant pressure without flow the 
change in enthalpy equals the heat added. Hence, in the non-flow con- 
stani-prc^siire process (and only under constant press^LV^ the heat added 
ma^’^ be found by deter minin g the original and final enthalpies and sub- 
tracting one from the other. 

In the non-flow constant-volmne procesSj the general energy equation 




J 


shows that the heat added must equal the difference in 


internal energies as no work is done. 

The fundamental expression for icork done in the non-flow process, or 




iWk 2 = / P <n^, may be used in a constant-pTessi.ire process as it reduces to 

iWko=P(7o-Fi). 


The work is often desired in a second non-flow process, the ismtropic. 
As no heat is added in this process, the general energy equation reduces to 
iWk2=J(f7i-C/2). 


6-9. Changes of State of Vapors for Flow. — In general, the Law of 
Steady Flow may be applied to a vapor in the same manner as it was to a 
gas. However, in the case of a vapor, the values of enthalpy at entrance 
and exit of the de^dce may be determined and substituted directly in the 
equation of steady flow; this eliminates the necessity of evaluating the 
difference in enthalpy in terms of temperature and the constant-pressure 
value of specific heat, as was done for a gas. 

A special flow problem is the evaluation of the work done in an isentropic 
expansion in a theoretical steam engine. Because no heat is transferred 
in the engine in an isentropic expansion, the work done, expressed in Btu, 
must equal the difference in enthalpj^. 

6-10. Vapor Charts. — To facilitate the solution of problems involving 
changes in state of vapors, it is desirable to have available charts of vapor 
properties. In the United States there are three common charts of vapor 
properties, namely, the temperature-entropy chart, the enthalp^^-entropy* 
chart, and the enthalpy- volume or EUenwood chart. 

The temperature-entropy chart, in addition to shoving the “steam 
dome,” shows lines of constant pressure, constant volume, constant 
enthalpy, and constant quality. In addition, lines of constant superheat 

♦ Often called the Mollier diagram. Mollier, however, used other coordinates in 
addition to enthalpy and entropy. 
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sometimes are shown In Fig 6-9 is shoRn a skeleton temperature- 
entropy chart A more elaborate one is shown as Fig 9 in Keenan and 
Keyes As most temperature-entropy charts are draun to a small scale, 
accurate determinations cannot be made by their use Furthermore, as 
hnes of constant pressure and lines of constant volume are almost parallel 
in the superheat and high quality regions of the temperature entropy 
chart, their intersections are rather indeterminate The temperature- 
entropy chart does have the real merit of predicting qualitative results 
For this reason, it is suggested that the student trace the proce'^s m ques- 
tion on the temperature-entropy chart before making a numerical solution 



As was pointed out in the chapter on steady flow, most problems 
encountered in thermodynamics are flow problems Since enthalpy is 
useful as energy in cases of flow, its determination is very important 
Except in the low-pressure region, lines of constant enthalpy on the 
temperature-entropj plane are curved hnes As these hnes are not parallel. 
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it is difficult to determinate enthalpy accurately from the temperature- 
entropy chart. On the other hand, as enthalpy is one of the coordinates 
of the MoUier (enthalpy-entropy) chart, its determination by such a chart, 
is much easier. 

In Fig. 6-10 are shown the saturated liquid line and the dry saturated 
vapor line on the enthalpy-entropy plane, together with lines of constant 
pressure. It should be noted that lines of constant pressure are straight* 
in the saturated region. 



There is little need for the properties of very wet steam. To be sure, 
there is a change from the liquid to the vapor phase in the boiler, and there 
is a change back from the vapor to the liquid phase in the condenser. 

( dff\ 

ds'jp' dH—dQ at constant pressure 
an&dQ=Tds. Therefore, slope =.^=7’- As the temperature is constant in the 

saturated region when the pressure is constant, constant-pressure lines must be straight 
in the saturated region. 
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?e^e7 burri 1 T eitherYe boiler or the con 

considered rather at e^t or entrary At these points 

IS^mToTthl h ^thigh^uahtyone Xice aRIollier 

diagram for the high-quality and superheated regions is suffi^nt for most 



puiposes This condition permits making the diagram to a much larger 
scale than uould otherwise bo po^^ible Such a diagram in skeleton form 
IS shonrii in Fig 6-1 1 Large scale diagrams are included "n ith cteam tables 
such as those of Keenan and Kej es It should be noted that constant 
\ olume lines are not shown on the Mollier diagram for the following reason 
Since they do not have «harp mter«ections with the constant pre««ure 
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lines, particularly in the high-quality and superheated regions, specific 
volume cannot be determined accurately on the Mollier diagram. 

In steam-turbine design work, the determination of specific volmnes 
is a necessitj’- in order to size the nozzles and the blades. A set of charts 
that readily permits determination of volumes is the enthalpy-volume 
charts,* prepared by Ellenwood and knovm as the Ellenwood Charts. 



Ellenwood has broken up one large chart into a series of small charts, each 
chart being bound as a page. A skeleton of such a page is given in Fig. 
6-12. The Ellenwood charts, in addition to having volume lines, permit 
accurate determination of enthalpies. 

6-11. Steam Calorimeters. — Many of our prime movers today are 
supplied with superheated steam. The enthalpy of the supply steam is 

* Thermodynamic Charts, by EUenvrood and Mackey, John 'Wiley and Sons. 
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readily determined -when its temperature and pressure are knoivn How- 
ever, there are many cases m n hich saturated steam is used The measure- 
ment of its temperature, when the pressure is known, simply confirms the fact 
that the steam rs saturated In no way does it give any information as to 
either the quahty or enthalpy of the steam 

To aid in the determination of the enthalpy or quality of saturated 
steam, various types of steam calorimeters have been devised One of the 
simplest of these is the throttling calorimeter This calonmeter makes use 



of the fact that the enthalpy of dry saturated steam at low pressures is 
considerably less than is the enthalpy of dry saturated steam at higher 
pressures Hence, if high-quahty steam at moderately high pressures is 
tlirottled, it tends to become superheated, as the enthalpy after the 
throttling equals the ongmal enthalpy If the steam is throttled suffi 
caently to produce S’lpetheated steam, then an observation of the tempera- 
ture and pressure of this superheated steam will giie sufficient information 
to permit determination of the final (and hence the original) enthalpy of 
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the steam. The action of the throttling calorimeter is shown in Fig. 6-“13 
as process 1 to 2 (dotted because the exact path is unknown). 

It should be noted by reference to the MoUier diagram that when steam 
is under very high pressure (z.e., above about 450 psia) the quality of the 
steam has a tendency to decrease at first. Further throttling will reverse 
the tendency and will produce superheated steam if carried far enough, 



as indicated for processes 3 to 4 to 5 in Fig. 6-13. This tendency to pro- 
duce wet steam when steam under very high pressure is partiall^^ throttled 
is important in modem high-pressure power plants whenever high-pressure 
steam is throttled down to medium-pressure headers. As wet steam is 
not a uniform mixture, the water formed by such a partial throttling vill 
have a tendency to separate out of the steam. Traps should be pro\nded 
to take care of the water thus formed, in spite of the fact that the steam 
may not originally have contained any moisture. 
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Because wet steam is not a uniform imsture, the <jecunng of a true 
sample is difficult As the water m the steam has a tendency to ‘separate 
out and flow along the bottom of honzontal pipes, samples should be taken 
onl> from vertical pipe's E\ en m \ ertical pipes the sample obtamed is 
not a true one unless the samplmg tube is located at '^ome distance from 
honzontal portions of the Ime To obtam as repre'^entatu e a sample 
of steam as possible, the sampling tube extend* well across the steam mam 
The sampling tube i* clo'=ed at the end and has eral small hole* m hne 
See the A.S M E test codes for details In Fig O-II a sampling tube is 
«5hown installed and connected to a throttimg calorimeter 

ilanj throttimg calorimeters are nickel plated Other? are heanlj 
lagged In both cases the heat lost from the calorimeter i* minimized 
If the onfice is “mall, the kmetic energies are “mall at pomts of state 
determinations (re, at the entrance of the “amplmg tube and in the 
calonmeter body at the pomts where the temperature and pressure are 
measured) This is particularly true if the area for flow around the 
calonmeter thermometer is large If the foregomg conditions are fulfilled 
then the equation of steady flow as applied to the calonmeter reduce* to 

■ffline = ifc*Ionmet<r 

When readmgs of the calorimeter temperature and pressure indicate 
superheated steam m the calonmeter, then the enthalpj in the calonmeter, 
and hence in the hne, may be determmed bj U“e of steam tables or a 
Alolher diagram If the quahty of the hne steam i* de<qred it maj be 
readily determmed from its enthalpj In case the calorimeter readings 
mdicate saturated steam in the calonmeter the throttimg calonmeter i* not 
of \alue as there is no waj to determine whether the steam in the calo- 
nmeter is drj “aturated or wet saturated or to detenmne the quality of 
wet “team Becau“e remits tend to be erratic with onl 3 a “hght amount 
of “uperheat in the calonmeter, “ome authonties de“ire at least 10 degree* 
of superheat m the calonmeter In case the throttimg in the calonmeter 
IS not sufficient with atmosphenc exhaust, further throttimg iraj be 
obtamed bj connectmg the calonmeter exhaust to a steam condenser, a 
1 acuum pump hne, or a water aspirator 

In case the “team cannot be throttled suffiaentij m a throttimg calo- 
rimeter to obtain superheated “team, a separating calonmeter maj be used 
In this dence the water i* mechanicaUj separated from the steam bj 
abruptlj changmg the direction of the “team flow The “eparated water 
IS retained m the bodj of the calonmeter, its amount being determmed 
1 olumetncallj The drj steam leaies the calonmeter through a “peciallj 
“ized onfice As the amount of drj steam passing through a gi\ en onficc 
per umt of time is a function of the steam prc“sure at the up-stream «ide 
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of the orifice, the pressure gage attached to the calorimeter may be 
calibrated to read dry-steam flows per unit of time. 

The separating calorimeter is not reliable for low steam pressures. 
Even at high pressure the separating calorimeter vdll not give perfect 
separation in the case of steam having high moisture content. In this 
case, the separating calorimeter is sometimes followed by a throttling 
calorimeter. The action of the two calorimeters in series vdll result in 
superheated steam in the body of the throttling calorimeter unless the 
steam initially is very wet. 

A so-called barrel calorimeter is sometimes used in an attempt to deter- 
mine the enthalpy of a steam sample. In this set-up, steam from the 
sampling tube is led into a barrel of water mounted on platform scales. 
The water increases in both temperature and weight as it condenses the 
steam. From observations of these two quantities, the enthalpy of the 
steam sample may be determined. Although attempts have been made to 
refine the process, results from barrels are not reliable, primarily for the 
follovTng reasons: 

(1) It is difficult to determine the weight of steam accurately. 

(2) The temperature of the water is not uniform. 

(3) Radiation from the calorimeter is appreciable. ^ 

(4) Appreciable vaporization from the surface of the water may take 
place. 

Many attempts have been made to construct a satisfactory electric 
calorimeter. The fundamental concept of the electric calorimeter is that a 
measurable quantity of electrical energy is added to a steam sample of 
known weight. Sufficient energy is added to produce superheated steam. 
Thus, the enthalpy after the addition of electrical energy can be deter- 
mined. By subtracting the added electrical energy, the original enthalpy 
of the steam is determined. Most electric calorimeters are neither por- 
table nor rugged. Furthermore, there is some difficulty in determining 
the true weight of steam flow. 



CHAPTER 7 


STEAM POWER CYCLES 

7-1. Carnot Cycle Unsuitable for Vapor Cycle. — ^In Chapter 5, the 
Carnot Cycle Tvas demonstrated to be a most efficient cycle from a purely 
thermodynamic point of %ie-n-, although its shortcomings as a -working 
cycle -were soon apparent. Reference to the study of vapors and their 
properties has already sho-wn that the temperature of a saturated vapor is 
dependent on its pressure; also, the Carnot Cycle, invohmg isothermals 



and isentropics, is independent of the natirre of the -working substance. 
Hence, this cycle, which is always rectangular on the T~S plane, -will 
appear as in Fig. 7—1 when a vapor that is evaporated, superheated, and 
partly condensed is used as the working substance. Thus, evaporation 
would take place from 1 to 2, superheating from 2 to 3, isentropic expansion 
from 3 to 4, cooling -nith loss of superheat from 4 to 5, condensation to a 
lower quality from 5 to 6, and isentropic compression from 6 back to 1. 
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The pressure would be constant from 1 to 2 and Iibewi<!e from 6 to 6, 
otherwise, it would \ ary as indicated 

The impracticahtj of the foregomg cj cle is obnous when it is considered 
that the heat is not supphed to the engine but is furnished to the working 
su&sfancc in another piece of equipment, e g , the boiler In its simplest 
form, the \ apor cycle embraces the flow of the workmg substance through 
a source of heat (boiler), then through a prime mo\ er (engme, reciprocating 
or turbine), then through a heat sink (condenser), and then back to the 
heat source (boiler) This return to the boiler must be by a pumping 
action of some sort, since both the temperature and the pressure are 



Fig 7-2 Sankiae Cycle on T S Plnne, 
Using Sntnrated Vnpor 


greater m the boiler than m the condenser If this pumpmg action nere 
an isentropic compression, as from 6 to 1 m Fig 7-1, not only nould 
condensation ha\e to be accurately controlled to locate pomt 6 but also 
a large machine in the form of a compressor dm en by the engine would be 
required 

7-2 The Rankme Cycle — ith a new to substituting a theoretical 
cycle other than the Carnot as a means for judging the performance of 
\apor cjcles, the Ran lane Cjcle has been established as a standard In 
Fig 7-2 is shoum an elementary T~S diagram for this cy cle a hen saturated 
steam only is used, and a Ime diagram of the physical lay out of the equip- 
ment IS shoma in Fig 7-3 
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From point 1 to point 2 in Fig. 7—2 heat is supplied in the boiler to raise 
the temperature of the water; and heat is supplied from 2 to 3 to evaporate 
the water. The suppljung heat from 1 to 3 is performed at constant 
pressure regardless of temperature. From point 3, where the working 
substance enters the prime mover, to point 4, where it leaves, the useful 
work is performed isentropically. From point 4 to point 1, removal of 
heat is accomplished by condensation at constant pressure. In this 
theoretical cycle, the working substance emerges from the condenser at 
the saturation temperature corresponding to exhaust pressure, and the 
work of the return of the substance to the boiler (the part played by the 
feed pump) can be neglected in this preliminary’ analysis, since the work 
of the feed pump xisuaUy is comparatively small. 



The principle of steady’ flow may’ be used to evaluate the heat supplied, 
the work, and the heat rejected. The heat supplied to the boiler is 

As the heat is supplied in a reversible manner, the heat supplied is repre- 
sented by’ the entire a’^ea on the T—S plane under the heat-supplied line. 
Because the expansion in the engine is an adiabatic one, the u ork is 


'^=h^-h ( 7 - 2 ) 

Q„i = h-hi (7-3) 


The heat rejected is then 
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It IS suggested that the student refer to Chapter 4 and d^n e equation^ 
7“2, and 7-3 from equation 4-1 This heat reject^ is represented 
by the area under process 4-1 on the T~S plane Th^vork of the feed 
pump being neglected, the work of the engme must Aal the difference 
between the heat supplied and the heat rejected Thlis, the area 1234 on 
the T-S plane represents the heat equivalent to the ^ycle work 

The pump work being neglected, the thermal effickney of the Rankme 
Cvcie IS * 


Kankme Cycle Thermal Eff 

Qjiup hs~. 


(7-4) 




Fig 7-4 Rankme Cycle for Superho&ted Steam 

In Fig 7-2 IS shown the Rankme Cycle when^aturated steam is used, 
Fig 7-4 shows the cycle 1-2-3-4, as before, but also shows the cycle 
l-2-3'-4i' when the steam that enters the pnme nrnver is superheated It 
js now obvious that the steam entenng the pnme mWer can be wet, dry, or 
superheated, and that the steam entenng the conaenscr can also be wet, 
dry, or superheated, its entropy being the same as that of the steam enter- 
ing the pnme mover If the steam entermg the phme mover is highly 
superheated, that leaving the pnme mover will still^be in^the superheat 
region, and the course of the cycle will be 1-2-3'^-^", |Fjg /-4 
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Example 7-t . — ^Determine the thermal efficiency of a Rankine C 3 ''cle operating 
between the pressure limits of 100 psia and 14.7 psia, if the steam enters the prime 
mover in the dry saturated condition. 


Solution , — ^Refererce to Figs. 7—2 and 7—4 shows that one must first determine the 
enthalpy and entropy at ^ohx 1 3. For dry saturated steam at 100 psia, the steam tables 
give h = 1187.2 and s = 1.6026. This entropy will also be the entropy at point 4, where 
the pressure is 14.7 psia. The moisture must now be calculated at point 4. For this 
pressure, Sg = 1.7566 and sL = 1.4446. Hence, 

^ 1.7566-1.6026 , ,,,, 

t 1“^= aaag = 0.1066 

( 1.4446 

The enthalpy at point 4 is then 

h L 1150.4-0.1066(970.3) = 1047.0 


Cntical Point 



The work per pound is 


The heat supplied is 


^ = 7 , 3 _ 7 i, = 1187.2-1047.0 = 140.2 Btu 


^sup = ^ 3 — Ai = 1 187.2 — 180.0 =» 1007 .2 Btu 
and the thermal efficiency is 

^S.=^-0.139,orl3.97o 


Ans. 


★7-3. The Rjtilkine Cycle Including the Work of the Pump. — ^The 
moving of the conciensate from the condenser to the boiler involves pumps 
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(see Fig 7-3) , there are generally two, but sometimes m,6r^ The pump 
feeding the boiler is the important one to consider, since/ it must exert on 
the water a pres&ure greater than that of the boiler steam m order that the 
i\ater may flow into the boiler In Fig 7-5 is sho a P~V diagram of 
the Rankme Cycle, numbered to correspond with the cycle m Fig 7-2 
The liquid, initially at point 1, is heated and e rpands to point 2, the 
boihng temperature corresponding to the high pres‘ ure From point 2 to 
point 3, expansion occurs because of evaporation, t nd from 3 to 4 there is 
isentropic expansion Point 4 shoivs the greatest volume, where the low- 
pressure steam enters the condenser Contraction takes place durmg 
condensation back to point 1' If the compressibility of the liquid be 
neglected, the volume at point V can be taken the same as that at point 1, 
and the area of the cross-hatched part of Fig 7 5 will be 

^Yk==v,(P,-P,) (7-5) 

This IS the work of the pump, and it reduces the total work of the Rankme 
Cycle as follows 

According to equation 7-3, the total w ork is hi — h Combining equa- 
tions 7-3 and 7-5 to determine the net area, we get 

(7-5) 


Then, since thermal efficiency is the net work of the cycle dixided by the 
heat supplied, equation 7-4 becomes 


Eff 




(7-7) 


\ In equation 7-1 it was assumed that the enthalpy of the liquid entering 
the Lodc”, ^ 1 , was that of saturated liquid at the pressure m the condenser 
la eqaatfoa ?—7 this sssusspiios csssoi be znade, as ne are nnw ussujDjng 
that there is a measurable change m enthalpy m the pump When the 

steady flow principle is dpphed to the pump, hi -4 ^ =^i Using 

this m equation 7-7, we get 


h-h -~{Pi-P*) 


(7-7it) 


foregoing analysis is dependent on the assum^^n that the lii^id 


The „ _ 

so nearly incompressible that ij is taken as equal to ti 


However, when 
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high pressures (over 1000 psia) are to be handled and veiy accurate calcula- 
tions are to be made, compressibility should be considered In Art, 6-4 
reference was made to the use of Steam Table 4, Properties of Compressed 
Liquid Water j which is a table of demations from the saturated liquid condi- 
tions. When compressibility is thus considered, Fig. 7-5 is superseded 
by Fig. 7-6, on which the liquid volumes have been exaggerated to show 
the volume at point V much larger than that at point 1, 


Critical Point 



When compressibility of the liquid is considered, as in Fig. 7-6, the 
shaded area representing the pump work is no longer rectangular but is of 
a type which is evaluated as fV dP. As the process involving this work is 
generally considered to be adiabatic, this pump work vail be equal to hi hv. 
This can be conveniently evaluated by use of the curv'es in Steam Table 4 
entitled Enthalpij Changes at Constant Entropy. Refer to this table and 
note the statement made in conjunction with these cur\’’es. 

With this modification, equation 7—7 becomes 

h—lu-{hi—hi') 


(7-8) 
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where hi—hy is the theoretical pump work. Equation 7-8 may be re- 
written as follows: 


^ ^3 ^ 4 " 

hz—hv-‘{hi^hv) 


(7-8a) 


Compressibility effects on the liquid are shown in Fig. 7-6 and Fig. 7-7. 

Condensation from point 4 to point 1' brings the process to the condi- 
tion of saturated liquid at condenser pressure. Application of pressure 
to the liquid isentropically, to bring it to boiler pressure, is shown by the 
vertical line from 1' to 1. The line connecting points 1 and 2 is that of 
constant pressure, the boiler pressure. The boundary lines for saturated 
liquid and saturated vapor are drawn lightly. 



Fig/. 7-9. T-S Areas for “Engine of Zero Efficiency” 


7-4. Waste Energy. — As explained in Chapter 5, the work of a 
theoretical cycl^ is kno^vn as the available energy. The heat rejected by a 
theoretical cycle is inherently the unavailable energy. In Fig. 7-8 is 
reproduced the/Rankine Cycle 1-2-3-4 shovm in Fig. 7-2, but the areas 
representing tqe available energy and the unavailable energy are cross- 
hatched. In a^ddition, an area designated as waste energy is sho^vn. The 
concept of this area is necessitated by the fundamental departure of the 
actual cycle from Rankine conditions. Waste energy is that part of the 
available energy which is not converted into work. 
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mover equals its output divided by the mimmum amount of heat which 
must be supplied to the cycle This mimmum amount of heat supplied is 
the heat which will be added if the rest of the cycle is perfect (i c , no heat 
losses m the Imea and no subcoohng of the condensate) 

The thermal efficiency of a well-designed prime mover may still be low, 
because it is operated over a low pressure range nhere the cycle efficiency 
IS inherently low Such an efficiency may be loner than that of a poorly 
designed prime mover which is operated over a higher range in pressures 
Hence, the thermal efficiency of a prime mover, m itself, does not tell 
whether the prime mover is good or bad To judge the degree of perfec 
tion of an actual prime mover, its performance should be compared to that 
of a perfect prime mover receiving steam under the same couffitions as the 
actual prime mover and exhaustmg at the same back pressure The term 
that expresses this performance is engine efiaency For a simple prune 
mover, the A S M E Power Test Codes define the engine efficiency as the 
ratio of the actual work to the work of the perfect pnme mover (t e , the 
work done durmg isentropic expansion from the mitial conditions to the 
final exhaust pressure) 

As the actual work can be measured in three places, there are three 
engine efficiencies (1) the internal efficiency (for a turbine) or the indicated 
efficiency (for a steam engme), (2) the brake efficiency and (3) the engme 
efficiency of the turbine generator 

Fundamentally, engine efficiency is not an efficiency at all For a 
simple pnme mover, it was conceived of as the ratio of the thermal efficiency 
of the actual prime mover to the thermal efficiency of a Rankine Cycle It 
was therefore known as the Rankine Cycle ratio (R C R ) Because the 
heat added m the Rankme Cycle equals the heat added that is chargeable 
to the simple pnme mover, the Rankine Cycle ratio also equals the actual 
work divided by the theoretical work Modem pnme movers, because of 
reheatmg and regenerative feedwater heating, do not approximate the 
Rankme Cycle Hence, the term Rankme Cycle ratio loses its sigmficance 
aotf the term eirgiin? h£3 eoise latrr Jrse 

The foregomg defimtions may be summanzed as follows 


Prime Mover Thermal Efficiency- 


Actual Work of Prime Mover 
Mimmum Heat Supphed 


(7H>) 


Prmie Mover 

_ . Actual Net Work /tl-om 

Cycle Thermal 

Actual Work of Prime Mover 

Engme Efficiency of Prune 

(7-10) 
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Example 7 2 —Steam leaves a steam generator at 200 psia and COO F It enters a 
steam turbme at 194 psia and 590 F The generator delivers 2100 kw w hen the turbine 
receives 29 000 lb of steam per hour and exhausts at 2 in Hg abs Condensate leaves 
the condenser at 90 F Neglect pump work Determine (oUhe thermal efficiency of 
the cycle (b) the thermal efficiency of the turbo-generator, (c) the engme efficiency of the 
turbo-generator 


Solution —The net work is 2100 X3413 Btu per hr The heat supplied per pound of 
steam equals the enthalpy at 200 psia and 600 F (1322 1 Btu) mmus the enthalpy of 
water at 90 F (58 Btu) Then the thermal efficiency of the cycle equals 


2100X3413 
29 000(13221-58 0) 


-01952 or 19 52% 


Ans. 


In findmg the thermal efficiency of the turbo-generator, the output per hour is the 
same As far as the turbme is concerned the heat to be added per pound equals the 
enthalpy at turbme entrance (1317 3 Btu) mmus the enthalpy of saturated liquid at 2 in 
Hg abs (69 1 Btu) Then the thermal efficiency of the turbo-generator equals 


2100 X3413 
29000(13173-691) 


=0193 or 19 8% 


Ans 


The work per pound of steam expanding isenlroptcally from 194 p^ia and 590 F to 
2 m Hg abs, is 382 3 Btu The engme efficiency equals 


2100X3413 
29 000X382 3 


A common method of expressing the performance of steam prime movers 
IS the steam rate Steam rate is the amount of steam supplied to the prune 
mover per unit of output per unit of time (t e , pounds per horsepower hour 
or pounds per kilowatt hour) Steam rates are useful, as high steam rates 
mean low thermal efficiencies How ever, steam rates do not indicate the 
relative merits of various prime movers unless these are operating under the 
same steam conditions 

A common method of expressmg the performance of power plants is the 
heat rate The heat rate is the heat supplied per unit of output per unit of 
time (r e , Btu per horsepow er hour or Btu per kilowatt-hour) Thus, in 
the foregomg example the heat rate of the plant cycle is 17,485 Btu per 
kilowatt-hour The student should check this as a simple exercise 


Effects of IncQtrLplete Erpansion — In all that has been said 
thus far regarding the Rankine Cycle as a theoretical cycle, expansion has 
been earned isentropically from one extreme of pressure to the other, as 
showm m Fig 7-2 m going from pomt 3 to point 4 In Figs 7-11 and 7-12 
are showm, respectively, the P-V diagram and the T~S diagram for a theo- 
retical cycle (sometimes called Clausius Cycle) m which the expansion is 
halted at point 5, before conden'^er pressure is reached This causes the 
pressure to drop to condenser conditions at point G m a throttling action, 
during which the entrop> mcreases so that the cross-hatched area of waste 
energy on the T-S diagram equals the loss of w ork cross-hatched on the 
P-V diagram Reference to the P~V diagram will demonstrate what is 
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known colloquially as “cutting off the toe'' of the diagram. This situation 
occurs in reciprocating steam cylinders when the stroke is limited so that 
point 4 is not reached. 



The work of the cycle can be determined by reference to Fig. 7-13. 
This is a repetition of Fig. 7-11 with the cycle work area cross-hatched. 
First consider that part of the area with single cross-hatching, or the area 
bounded by the adiabatic expansion line between points 3 and 5 ; this area is 


/ 


V dP and is therefore equal to The area of the rectangular 


part, which is double cross-hatched, is evaluated as Vo{Ps—P^* Since 
P V' 

adding the two cross-hatched areas gives 


Wk 


— /I 3 “"^^3 ' 


PeVo 


Hence, 


/Z3--W5- 


Thermal Eff.=“ 


P^vs 
■ J 


hz^hi 


(7-11) 


(7-12) 


* If steam charts having steam volumes, such as the Ellemvood, are avadable, the 
pressure at the end of expansion may be determined, as the specific volume and entrop> 
at this point (point 5) are known. Otherwise, a trial-and-error solution is necessary to 
obtain this pressure and hence the internal energy. 
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7-8 Extending the Lumts of the Rankme Cycle —The Ennkme Cj cle, 
like any theoretical or actual cycle, has been shown to be less than 100 per 
cent efficient, if this were not so, the Second Law of ThennodjTiainics 
would be violated Howei er, the mere fact that the o\er all efficiency of 
steam power plants has more than doubled m the last 50 years leads to the 
conclusion that certain factors affectmg the efficiency of the theoretical 
cycle have contnbuted to this Let us see what the^^e factors are 



Fig 7-H Methods of Increasing Efficiency 
of Ranhtne Cycle 

The example shown in Art 7-2 has depicted a Rankme Cycle operating 
on saturated steam between the pressure limits of 100 psia and 14 7 psia 
The efficiency of this cycle is 13 9% and the cycle is shown in Fig 7-14 as 
bounded by the figure 1-2-3^ If the exhaust pressure be reduced to 
1 psia by the use of a \ acuum condenser, pomts 1 and 4 will be replaced by 
the pomts 1' and 4' There wdl be an increase m at ailable energy repre- 
sented by area 1— i-4'-l', and a corresponding decrease in unax ailable 
energy This has the immediate effect of mcreasmg the efficiency to 
26 2% 

If next the imtial temperature of the steam entering the prune moxcr 
be increased by superheatmg to say 600 F, the cycle will be bounded by 
the figure 1 -2-3-3 -4" The axadablc energy will mcrease faster than 
the imax ailable, as mdicated by the area 3-3'— and the efficiency 
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Yrill be 2/. 5%. Thus, the eflaciency has been increased and still the 
initial pressure has remained the same at 100 psia. 

A further improvement can be made by raising the pressure at which 
heat is supplied. Consider that the high pressure is now 362 psia, instead 
of 100 psia, point 2 being replaced by 2'; and consider that the superheating 
is again carried to 600 F, so that the steam enters the prime mover at 
point 3", instead of at either 3 or 3'. Note how relatively large the 
available energy has now become by comparison with the unavailable 
energy. The efficiency of this cycle, which is boimded by the figure 
1 -2 -3"-4', is 33.4%. (The student should calculate each of the effi- 
ciencies mentioned.) 



To sum up, it may be stated that the efficiency of Vapor 
can be increased by the following methods: ng 

(а) Lowering the back pressure. Tni f 

(б) Raising the initial temperature of the high ^ ‘ ^ 

' ° 1 4, and also receives 

^ enters the boiler 

(c) Raismg the pressure at which heat is supplied ^ . , . , • . 

Modem power plants use all these methods. Tc ^ 

advantages of such practice, calculate the efficiency^^ ^ inimio i s 

x- _x X j X oonn condenser at pomt 6 

operatmg on steam generated at 2200 psia, superb ^ ^ - 

1 - _x^ X 7 X n at the pressure of 

exhausting at an absolute pressure of 1 in. of mercur 

u r j X heatmg, only one feed- 

be found to be 44.8%. 

★7-9. Modifications of the Fundamental n direct contact, and its 
modifications of the fundamental Rankine Cycle Her and that of the con- 
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denser All water leaving the heat is pumped to the boiler, inhere the 
cjcleis repeated 

Most power plants use closed feed-water heaters (i e , heaters where the 
steam and water do not mix, the heat being transferred from the steam to 
the water through heat transfer surfaces) For the actual single-heater 
set-up, the condensate formed in the heater generally is fed to the hot well 
of the condenser In the theoretical case, it is customary to assume that 
the condensate is mixed wnth the feed water leaving the heater Under 
these conditions, the over-all analysis of the closed feed water heater 
becomes the same as that of the open feed water heater, and the analyss 
which follows applies equally well to both types 



An adjusted T~S diagram of a regenerative cj cle is shown m Fig 7-19, 
but, before an analysis of this cjcle can be made on a quantitative basis, a 
new concept —that of showing \ enable weights by shifting entropy plots so 
that the v of S at any point equals specific entropj tunes the weight 
present— ^nust be learned On T-S diagrams up to now, the entropy has 
been plofred as either specific entropy or total entropj Since the w eight of 

SL^rfer^jbeing studied did not \aiy, the use of specific entropj was 
^lindamer*^ If this con\ entional method is u<5ed here, the T-S diagram of 
^^md at^ -KscMz 
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In Fig. 7-17, points are numbered to correspond with those of Fig. 7-16. 
Follow Fig. 7-17 carefully. In the boiler and superheater, heat is supplied 
from point 1 to point 3; expansion takes place in the high-pressure stages 
of the turbine from 3 to 4, part of the steam then continuing to expand in 
the low-pressure stages of the turbine from 4 to 6. That part which does 
not expand from 4 to 6 in the turbine is wnthdrawn at 4 and goes to the 
feed-water heater. The steam that enters the condenser at point 6 is 
condensed to point 7 ; this condensate is heated from 7 to 1 in the feed- 
water heater by the extraction steam giving up heat from 4 to 1, It is 
seen that the area under 4-1 should equal that under 7-1, but in Fig. 7-17 
this does not appear to be so. 



Now, let us consider the decrease in weight of vapor due to extraction. 
If Q = XT dSj then any change in entropy for a reversible operation will 
mean that heat is being transferred. If the change in entropy is con- 
sidered equal to a change in weight times a specific entropy, the area under 
the T-S curve vdll still represent the heat transferred. Furthermore, the 
true state point of the vapor can be represented. 

In Fig. 7-18, steam at point 4 splits into that which goes to the heater 
and that which expands from point 5 to point 6 in the low-pressure part 
of the turbine. The important point to keep in mind is that the condition, 
or state point, of the steam at points 4 and 5 is the same ; but point 4 represents 
the entropy of an entire pound of steam (all the steam that entered the 
turbine), while the entropy at point 5 is reduced by that in the fraction of 
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a pound of steam 'n hieh is extracted for heating the feed water To calcu- 
late what part of each pound of steam is extracted consider the effect of the 
feed-water heater in Fig 7-1 G Under steady flow conditions, StcAu,s= 
Siaftout Then, 

Wthi'\-W^k■f (7-14) 

Let t«i equal 1 Ib and lu: be 1— tig Then, since kz~ht, 


1-A7 


h-hj 


(7-15) 


That IS, if 1 lb of steam at point 4 splits into icg and 1 — Wg the entropy at 
points 5 and 6 is equal to the entropy at point 4 multiplied by the weight 
(I— iPa) 



Fig 7-19 Adjusted T S Diagram for Regenerative Cycle 


The entire cycle is shown on the T-S plane m Fig 7-19 Points 4, 5, 
and 6 of this figure are the same as those of Fig 7-18 Similarly, point 9 
IS plotted by multiplymg the entropy of point 1 by the w eight factor, which 
IS (1— tt®) Now compare the numbering of Figs 7-IG and 7-19, and in 
each diagram note the state of the working substance at each stage of the 
process 

• For the conditions determined m the previous examples, and the 
pressures and enthalpies indicated in Fig. 7-19, the fraction extracted at 
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point 4 is calculated to be 0.113. The thermal efficiency, being work done 
divided by heat supplied, is 


gjj _ h3—hA+(l—ws)Qii—h6) 
hz ^ hi 


(7-16) 


or 


Eff.= 


1310-1047.1+(0.887)(1047.1-895) 

1310-180 


= 0.352 or .35.2% 



The foregoing analysis, while theoretical, is the fundamental basis on 
which extraction feed cycles are based. Many modern power plants 
employ multi-stage extraction cycles, as many as four stages now being 
common for plants operating with a pressure range of 1200 psi. Obviously, 
the number of stages and the pressures at which extraction is selected are 
governed by the law of diminishing returns. Theoretically, an infinite 
number of stages (whereby the pressure drops would be infinitestimals) 
would make a saturated-steam cycle have the same efficiency as the Cainot 
Cycle. If an infinite number of extraction stages are assumed in Fig. 
7-20, heat is removed along the line 3-4 and it is transferred to the liquid 
along the line 1-2. Therefore, under these conditions external heat is 
supplied only along the line 2—3, and heat is externally rejected only along 
the line 4-1. 
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Binaiy-Vapor Cycles.— In order to obtam high tbennal 
eflSaenaes from an\ heat engme, the mean O'ler^all temperature range 
(i c , the difference between the mean temperature at which heat u received 
and that at which it is rejected) mm.t be large The temperature of the 
circulatmg water for the condenser is the controUmg factor for the lowe-t 
temperature at which heat mav be rejected This temperature is 
approach^ m modem ^^eam turbme plants The upper limit of the 
temperature at which heat is received is fixed bv the temperature which 
the available metals can c^and Alodera practice has increased this 



maxiTTUTm temperature m ‘deam-power plants to a *:team temperature as 
hi^ as lOoO F However, the wron temperature at which heat is added 
Is much lower th-iTi the Tn«>TiTrmTn cv cle temperature because water changes 
•date at relatively low temperatures, even though prescurcs as high as 
2000 psi are Used Thu~, it is neccssarv to Use a workmg *mbstancc other 
thsn water if heat l. to be received at a hi^ T/iran temperature. 

The fundamental requirement of a workmg mbstance other than water 
Is that it bod at relativelv hi^'h temperatures for moderate pre'^ure^ 
Unfortunalelv, those •uibdances that fulfil this requirement condense at 
relativ’dj high temperature' ev en though v err low pressures are obtained 
m the condenser However, a «ub.tance that condenses at a hich tem- 
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perature may be used to boil another substance which boils at a lower 
temperature for a given pressure. The second substance can reject heat 
at a temperature only slightly higher than that of the circulating water. 
Thus, by the use of a combination of two fluids, the over-all viean tempera- 
ture range is large and, hence, thermal efficiency is high. 

One combination of substances that has been used consists of mercury 
for high-temperature parts of the binary-vapor cycle and steam for low- 
temperature parts. Mercury has a higher boiling temperature than water 
at corresponding pressures; consequently, high evaporation temperatures 
can be reached with moderate pressures. 



In Fig. 7-21 is shown a line diagram of the physical layout, and Fig. 
7-22 shows a T-S diagram of the two theoretical saturated vapor cycles, 
operating between the extremes of 1000 F and 79 F and joined by a com- 
mon temperature line at 470 F. The upper c 3 ''cle uses mercury evaporated 
at 180 psia. This vapor expands in a mercury turbine to 1.2 psia, and the 
corresponding condensing temperature of 470 F is the upper temperature 
limit of the steam. External heat is supplied to the mercury in a boiler 
along the path 1-2-3, and external heat is transferred frorn the steam at 
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79 F in the condenser from point 6 to point 6 These are the extmial 
heat transfers Within the cycle, heat is removed from the mercury while 
condensing at 1 2 psia from point 4 to point 1, this heat is supplied to 
the water and steam at 514 7 psia along the path 6-7-4 In other tiords 
the steam boiler u the mercury condenser ’ 

Tho cycle as shown is drawn for ideal conditions and has a common 
temperature of 470 F as the maximum for the steam and the minimum for 
the mercury In an actual cycle, this line is split into two temperatures, 
such as 470 for the mercury and 450 for the steam, m order to promote 
heat transfer, however, for the purpose of making an ideal analysis, the 
“gap” between the cycles should be closed as shown m Fig 7-22 

Because of the low enthalpy values of mercury, it is necessary to use 
13 lb of mercury per pound of steam in the particular cycle illustrated 
The Rankine-CycJe efficiency of the mercuiy part alone is 34 % , that of the 
steam part alone is 36 3 ^d , and that of the combined cycle is SS^ As the 
Carnot Cycle efficiency for temperature limits of 1000 F and 79 F is 63 fo, 
the 58% achieved by the bmary-vapor cycle appears attractive at first 
glance However, only three commercial plants employing the mercury- 
steam cycle have been built Serious obstacles to the use of this cycle are 
the limited supply of mercury, the toxic effect of mercury vapor upon 
operating personnel, and heat-transfer problems that are inherent with a 
fluid which does not “wet” the surface Other substances, such as diphenyl 
and diphenyl-oxide, have been proposed as a substitute for mercury m 
binary cycles, but to date such substances have been of academic interest 
only 


TABI,E 7-1 


conditions affecting efficiency 


Initial 

Frea 

psia j 

Exhaust 

Pres 

pua 

In t al 

Temp 

1 F j 

Reheat 

Fees 

PSiSi j 

1 Extract I 

1 psa 

Theoretieal 
Thermal Eff 

100 

14 7 

Sat 

None 

None 

139 

100 

10 

Sat 

None 

None 

262 

100 

10 

600 

None 

None 

27£ 

362 

10 

600 

None 

None 

334 

362 

10 

600 

loo 

None 

340 

362 

10 

600 

None 

14 7 

352 

2200 

0491 

1000 

None 

None 

4iS 

2200 

BinAty 

0491 

1000 

19S 

19S 

496 

Vapor 

0 491 

1000 



580 


•In the buiaiy \Bpor ode here tonsidered heat 19 franaferred from mercury to rteain a* »n miee 
med at* t«mperaturti of 479 F 
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In the fast few years, in spite of greatly improved thermal efficiencies 
which have been obtained in steam power plants, interest continues ia 
the binaiy-vapor cycle. It is conceivable that if a more satisfactory fluid 
than mercury became available, much expansion would take place in the 
use of the binary-vapor cycle. Furthermore, the engineer must always 
be on the search for a better way to do things. Casual acceptance of 
established types of power plants must be avoided. 

'^7-11. Recapitulation of Conditions Affecting Efficiency. — ^The 
values in Table 7-1 mil indicate the effects of modifications on the efficiency 
of cycles. 



CHAPTER 8 


STEAM ENGINES 

8-1.* Classification. — Steam engines of the reciprocating type may be 
classed under several headings, such as class of service, speed, arrangement 
of cylinders, number and type of cylinders, type of valve design, method 
of governing, number of expansions, type of exhaust, and approximate 
type of steam condition. Under class of service can be listed stationary, 
marine, locomotive, or the use to which the engine is to be put, such as 
pumping or hoisting. Under speed can be listed high, medium, and low 
speed, meaning rotative speed. A high-speed engine is usually one 
designed to operate above 300 rpm; a low-speed one operates below 125 
rpm; medium speed is naturally between these limits. By arrangement 
of cylinders is meant vertical, inclined, or horizontal; or the location of 
cylinders with respect to one another, as in tandem, at angles with each 
other, or across from each other; or the position of the cylinder with 
respect to the shaft. The common form of vertical engine with the 
cylinders above the crankshaft is known as a vertical inverted engine. 

The number and type of cylinders is allied closely with the arrangement 
classification and also with the number of expansions. For instance, a 
four-legged, triple-expansion engine has its expansion divided into three 
parts; but, instead of having a high-pressure, a medium-pressure, and a 
low-pressure cylinder, it has one high-, one medium-, and two low-pressure 
cylinders, thus having relatively smaller low-pressure cylinders and also 
being inherently well-balanced d 3 mamically. 

Under type of valve design can be listed simple D valve, balanced plate 
valve, piston valve, riding cut-off valve, poppet valve, Corliss valve, and 
Unifiow type, the last-named being either vdth or without auxiliary exhaust 
valve. Under method of governing, engines can be classed as manual or 
automatic, throttle or cut-off governing, and centrifugal or inertia type of 
governor. Under type of exhaust can be condensing, meaning an absolute 
exhaust pressure below atmospheric, and non-condensing, meaning exhaust 
pressure at or above atmospheric. Under approximate type of steam 
conditions can be listed saturated or superheated and high or low pressure, 
although ‘‘high” pressure as now knovm in turbine work is generally well 
out of the range of pressures in steam-engine cylinders. 

8-2. Cylinder Performance . — While the reciprocating steam engine 
and its counterpart, the direct-acting steam pump, are rapidly becoming 
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obsolescent, a thermodynamic study of the factors affecting their per- 
formance is desirable both from the viewpoint of fundamental engineenng 
knowledge and from that of learning the hmitations to nhich this type of 
pnme mover can be developed Briefly, the steam engine may be said 
to be characterized by its niggedness, by its high torque at slow speed, and 
by its practical inability to expand steam to a pre«!sure loner than 2 psia 
m the cyhnder because of the huge volume that would be required 

In \aew of the fact that a physical concept of the construction of such 
an engine is needed to envisage the behavior of the working substance. 
Fig 8-1 has been drawn to show the essential parts of a simple steam 


steam In 



engine having a D slide valv e w hich is kept on its seat by the pressure of 
the steam in the steam chest As the crankshaft re\ olves, the vaKe slides 
back and forth, admitting steam from the steam chest to the cylinder 
through the passages P (on the head end) and P' (on the crank end), these 
passages serving both to admit and to discharge steam A careful study 
of the figure should be made Kote that, as the position of the small 
crank (simulating the eccentric) is displaced more than 90“ from the 
position of the large crank, the \ alvc will "lead" the piston in its motion, 
that IS, as the valve admits steam at one end of the cylinder, its motion 
also permits the hoUowcd-out part of the "D" to be m contact with a 
passage and with the exhaust cavity E, so that low-pressure steam will be 
let out of the cyhnder and escape to the exhaust 

Fig 8-2 shows the events of the cylinder's cycle on an indicator diagram 
On this diagram, steam is admitted at 1 when the piston is near the end 
of the stroke The steam continues its admission to 2, where cuf-olT 
occurs, 1 c , the valve slides over the port to the passage, and the steam m 
the cylinder is isolated As the piston moves to the nght-hand side of 
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Fig. 8-1 j work is done by expansion; but, as the end of the stroke is 
approached, the valve's travel uncovers the passage to the exhaust hollow, 
and the cylinder pressure drops from point 3. Fig. 8-2 (commonly called 
release) to the exhaust pressure. On the return stroke, the steam will con- 
tinue to escape through the exhaust xmtil the valve once again covers the 
port at the passage P , Fig. 8—1, and the steam remaining in the cylinder is 
naturally compressed, starting from 4, Fig. 8-2. This small part of the 
steam that is compressed is known as "'cushion steam/' from the effect it has 
of counteracting the inertia effect of the reciprocating parts near the end of' 
the stroke and promoting smooth running. It also has a thermodjmamic 
effect in that compression raises its temperature — as well as its pressure — 
and thus aids the new, incoming steam at 1. This is more fully treated 
later under discussion of initial condensation, which is the major thermo- 
dynamic loss in the engine. 



While the full-time indicator diagram has been drawn in Fig. 8-2 for 
the head end, a dotted-line diagram has been drawn to show the working 
events of the cycle for the crank end. jNIost steam engines are made double 
acting; hence, the mean force acting on the piston on each side must be 
considered. As work equals force times distance, the force being pressure 
times piston area and the distance being the stroke, the horsepower deter- 
mined in the cylinder with an indicator, or the indicated horse'poiver (per 
cj^Iinder), is 


ihp = 


"3^000 ‘ 33,000 


or 


ihp — 


(jP hA ji-\-P c^c)LI^ 
33,000 


( 8 - 1 ) 


where the subscript H denotes the head end and C denotes the crank end: 
P is the mean effective pressure* in psi; A is the effective piston area, in 

* For a previous use of mean effective pressure in general, note Chapter 5, Prob. 4. 
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sq in (less on the crank end because of the area occupied by the cross- 
section of the rod), L is the piston stroke, in feet, and N is the number o' 
cycles per minute through -which each mep operates 

The horsepower thus determined is greater than that at the shaft 
coupling where the useful job is to be done, because engme-fnction losses 
reduce the shaft output, measured by a brake and hence called lirokc 
horsepower (The terms indicated horsepower and brake horsepower apply 
to aU sorts of machmery, not merely to steam engines, and hence an early 
familiarity with the means of computing them is essential ) The brake 
horsepower is computed from the time rate of applying the mean torque, or 


bhp: 


27r(rpm) (Torque) 
33,000 


( 8 - 2 ) 


where the torque is expressed m Ib-ft It is measurable by means of 
mechamcal, electncal, or hydraulic dynamometers of either the absorption 
type or the transmission type, such as the torsionmeter which depends 
upon the twist of the shaft under torsion, the phase angle being measured * 
The ratio of the brake horsepower to the indicated horsepower is known 
as mechamcal efficiency, or 

Mech Eff (8-3) 

ihp 

The thermal-efficiency expressions of Chapter 7 should be recalled 
for use in the following illustrative example 


Exam-pie 8 1 — A single-cyclinder steam engine, 8 ' X 10 with a piston rod 1" m 
diameter, runs at 275 rpm and develops a torque ci 638 Ib-lt at the shaft coupling It 
the head end mep is 53 psi and the crank end mep is 54 psi, what is the mechanical 
efficiency? 

Solution — ^As engineering practice ala ays gives the bore ahead of the stroke, the 
head-end piaton area la that of an 8 ' circle, or 50 26 sq in , this area minus the area of 
the rod gives the crank-end piston area as 49 48 sq in By equation 8-1, 


ihp=- 


(53X50 26 -h54x49 48)(j5)(275) 


By equation 8-2, 
By equation 8-3, 


bhp 


2tX275X638 
“ 33,000 


=0 901, or 901% 


Ans 


Example 8-S — The engine in Example 8-1 is supplied with dry saturated steam at 
100 psia and exhausts at 14 7 psia, and u-’ea 1334 Ib of steam per hour IVhat is its 
engme efficiency based on the ihp? 

• For an intensive study of the details of d 3 Tiamometers of vanous types, consult ft 
standard text on testing, such as Shoop and Tuve's Utthanixal Engmeenng Ptatiiee 
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Solution.— Rderence to Chapter 7 for the steam conditions given shows the thermal 
efiiciency of the corresponding Rankine Cycle to be 13.9%. By equation 7-9a the 
actual thermal efficiency of the prime mover, based on the ihp, is ’ 


Actual Thermal EB. 


2544X37.06 
1334(1187.2-180.0) 
=0.0702 or 7.02% 


Then, 


7 02 

Engine Efficiency =*-^=0.505 
lo.y 


Ans. 


As a matter of interest, it can be noted that the specific steam rate is 
per ihp-hr. 


1334 

37.06 


=36 lb 


^8-3. Factors Affecting Cylinder Performance. — ^Example 8-2 shows 
in a practical way the results which can be expected from an engine of that 
type. An analysis of the thermodynamics of cylinder losses with a view 
to detennining the reasons for the low engine efficiency based on ihp will 
now be considered. 



As explained in Chapter 7 in conjunction vdth the discrepancy between 
an actual engine and a Rankine one, the expansion in the actual case is not 
isentropic; the entropy increases, the work is less than the available energy, 
and the enthalpy of the exhaust steam is higher than it would be under 
Rankine conditions. Within the cylinder, the energy losses are due to: 
(a) condensation and reevaporation; (h) incomplete expansion; (c) clearance 
volume and compression; (d) throttling, leakage, and radiation. 
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The first of these listed losses is the chief of those resulting from 
imperfections When the cylinder has exhausted steam at low tempera 
ture, its passages (as P and P in Fig S'-!) are relatn ely cool As these 
passages in a slide-valve engine ha^e a eomparatuely large surface-to- 
\olume ratio, the entering steam is easily condensed on the nails of the 
passage The ends of the cylinder also cause some condensation Effects 
of condensation are shown in Fig 8-3 

This diagram shons the isentropic expansion hne (dotted) of the theo- 
retical Rankine Cycle, and the actual path of the steam expandmg in the 
cylinder (full hne) from 3 to 5 It mil be noted that, as the line starts 
down from 3, it proceeds at first to the left, the decrease m entropy is 
indicative of the withdrawal of heat from the warm steam to the cooler 
cylmder parts As the pressure of the steam drops, so does the tempera- 



Fig 8—4 Indicator Diagrams for Fixed 
Cut off, Throtttiug Governed Engine 


ture, until finally the temperatures of the cylmder and the steam ate alike 
and no further heat transfer /rom the steam occurs However, the ste''jn's 
temperature continues to drop because of expansion, hence, the cylinder 
parts — ^now warmer than the steam — proceed to transfer heat to the steam, 
and the expansion line then proceeds to the nght, until point 5 is reached 
at exhaust pressure It might be supposed that ‘;ince beat was gi\ en back 
to the steam, little of it n as lost, indeed, the net amount “radiated” by the 
cylmder to the outside air is often tnfling It might be argued that the 
steam at first gave energy to the cylmder parts but that, before the expan 
sion uas fimshed, the steam recovered the heat again This is true enough 
but it must be remembered that, according to the fundamental pnnciples 
enunciated by Carnot, for high efficiency heat should be supplied at high 
temperature and rejected at Ion temperature Cylmder condensation and 
Tcevaporation reverse this condition The heat is nithdrami from the 
norking •substance nhen it is most needed, and is giien back nhen very 
httle high grade energy remains for work Study Fig 8-3 again and con 
sider this fact 
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Incomplete expansion has been discussed in conjunction with Chapter 7. 
A more definitive understanding of it can be obtained by realizing that a 
late cut-off (note point 2 in Fig. 8-2) increases this type of loss while an 
early cut-off increases the relative cylinder condensation because the little 
steam admitted expands through a wide range. At this time it might be 
well to compare Figs. 8-4 and 8-5. The former shows the type of indicator 
card to be expected from governing an engine by throttling the entering 
steam and using a fixed cut-off point. The latter shows a constant steam 
pressure with a variable cut-off point to suit the load conditions. 



Fig. 8-5. Indicator Diagrams for Variable 
Cut-off Engine 


The method of control by throttling causes an inherent loss of available 
energy from the irreversibility of throttling, and the relatively late cut-off 
possessed by a purely throttle-controlled engine also causes a loss due to 
incomplete expansion. On the other hand, since the steam is throttled 
before it enters the cylinder, it operates between narrower temperature 
limits within the cylinder and thus initial condensation is minimized. 
Furthermore, when the engine is operated on wet steam, the throttling 
generally tends to dry the steam or even to superheat it slightly, thus 
combating initial condensation. However, the losses inherent in throttling 
usually outweigh its good features. For this reason, many automatic 
engines use cut-off governing. As can be seen from the cur\'’e in Fig. 8— o 
for light load, an excellently long expansion can be achieved from full high- 
pressure conditions. The worst loss here is caused by initial condensation. 
Since the cut-off occurs early in the stroke, a larger per cent of the entering 
steam is subjected to the cooling effect of the clearance spaces, the surface- 
to-volume ratio of which is greater than that of the engine cylinder itself. 

The fact that the clearance space has a large surface upon which con- 
densation can take place has been the cause of numerous attempts to warm 
it. A slight warming effect can be obtained by compressing the trapped 
steam near the end of the stroke. As previously mentioned, this process 
also has a cushioning effect and enables the incoming steam to have less 
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of an initial pressure drop Bui the compression (note the path from 4 to 
1 in Fig 8-2) IS work done on the steam by the engine, and, while roost of 
this energy is returned by reduction of initial condensation of the mcoming 
steam, nevertheless the mep of the engine is somewhat reduced 

In Fig 8-d IS shown a sketch of an indicator card nith the clearance 
volume eicaggerated (in appearance) for the purpose of demonstrating 
certain terminology Clearance is expressed as a per cent of piston dis- 
placement, not of total volume, the total volume is the sum of the volume 
of displacement and the clearance volume The total volume at any 



position of the piston must then be the clearance volume plus whatever 
part of the piston displacement has been reached at that point in the stroke 
When this total volume is to be calculated for solving a problem, a sketch 
similar to Fig 8-6 should always be drawn 

Regardless of the type of governing, there can exist a vah e loss from 
throttling (sometimes called wiredrawing when referred to vahes), this can 
be large m slide-valve engines but is small with Corliss (oscillating) valves 
and with poppet valves Leakage of steam is a vanable loss the amount 
of which IS dependent on the condition of the engine and not on its type 
"Radiation” losses are likewise vanable, but can be kept low These and 
other mmor losses can be as low as 1 per cent 

Methods of Reduemg Cylinder Losses — The cylinder losses 
just enuroerated (particularly those due to condensation and reevapora- 
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tion) are partly combated by one or several of the following methods: 
(a) superheating; (b) pro^dding steam jackets; (c) increasing rotative 
speed; (d) compounding or triple or quadruple expansion; (e) using a 
Uniflow type en^e. 

Superheating has been shown (see Chapter 7) to effect some gain in the 
efficiency of the Rankine Cycle. In an actual engine, the gain over using 
saturated steam is even more marked because of the decrease in cylinder 
condensation. The superheated steam% gas film does not transfer heat 
so rapidly; furthermore, steam that loses some — but not all — of its super- 
heat remains a vapor and is not partly a liquid. Hence, its available 



energy is larger. One rule of thumb states that steam consumption is 
decreased 1 per cent for every 10 degrees of increase in superheat. It 
should be borne in mind, however, that high superheat increases the diffi- 
culty of internal cylinder lubrication, and also that cast-iron slide valves 
will warp at high temperatures. 

Steam jackets to keep the cj’linder heads and valve passages hot are 
hardly new; they were used by James Watt. Claims as high as a 30% 
saving have been made, particularly in small-cylinder, slow-speed engines 
or in engines haidng high initial condensation when unjacketed. ^ ith 
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high-speed engines in general, it ivould appear that little, if any, improie 
raent is effected by steam jackets 

Theoretically, the higher the rotative speed, the less tune there is for 
condensation to take place For a well designed engine, therefore, a high 
speed will tend to minimize condensation This does not necessanly mean 
that all high-speed engines are efficient and all low-speed engines are not, 
however, as high-speed engines arc often so cheaply constructed that their 
lack of quahty vitiates their inherent advantage due to speed 

Compounding, or the taking of the expansion through several cylinders 
tn senes, has several advantages In Fig 8-7 is shown a theoretical P-F 



Fig 8-8 T S Diagram Showing Effect of Compounding 


diagram enclosing t\^o actual indicator cards The steam expands in the 
high pressure cylinder from point 1 to point 2 and m the low pressure 
cylinder from pomt 2 to point 3 Two favorable factors enter into this 
division of expansion First, the high-pressure cylinder can have a small 
surface for condensation because a relatively small volume is sufficient to 
accomodate pomt 2 in the diagram, second, the range of temperatures 
through wmch each cylinder wll operate (and hence the fluctuation m the 
temperatui^f the cyhnder v.all and passages) mil be less for the over-all 
range, than mth a single expansion Fig 8 8 shons the corresponding 
T~S diagram, nhich the expansion line 1-2-3 is traced * 

*Fig 8 8 show's'^e actual state point 3 of the steam at exhaust pressure whereas 
Fig 8 7 shows pomt S at release However, m a compound engine mcomplete expan 
lion IS very much minimized 
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A significant fact can be noted in conjunction with Fig. 8-8. Let the 
available energy for the high-pressure stage be denoted by and that 

for the low-pressure stage by Ih—hv, Then the increase from to /i 2 , 
while reducing the possible work of the high-pressure stage, actually 
increases the available energy of the low-pressure stage. That is, the 



I 

Fig. 8-9. Uniflow Engine 


waste energy of the high-pressure cylinder exists at a temperature higher 
than the lowest available temperature; hence, some of this waste energy 
may be used in the low-pressure stage. This apparent phenomenon will 
be met with again later in conjunction ^vith multi-stage turbines under 
consideration of ‘Teheat factor.^^ 

Compounding, as a term, has come to mean the using of two stages of 
expansion in steam engines; for three and four stages, the terms triple 
expansion and quadruple expansion, respectively, are used. Very few 
engines of the last-named type are in use, however, the law of diminishing 
returns making the triple-expansion engine a better investment. 

Since 1907, the Uniflow engine, to which Figs. 8-9 and 8-10 apply, has 
been used with considerable success, particularly in the low-power field. 
There, unless high speeds (1800 rpm) are needed, it competes successfully 
with the auxiliary turbine. As can be seen in Fig. 8—9, the Uniflow engine 
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has a cylinder that is long m comparison i\nth its stroke, and has a piston 
about 45 per cent as long as the cylinder Steam enters at each end and 
flows one way (hterally unifloT\) toward the middle, where the nng of 
exhaust ports is unco\ered by the piston as it nears the end of the stroke 
The long piston thus acts as an exhaust valve On the letum stroke, the 
piston very soon co\ ers the exhaust ports, so that compression (pomt K 



in Fig 8-10) starts early and can be earned almost to line pressure By 
cleverly usmg adjustable clearance plugs, an engine of this type can be 
adjusted to compress the cushion steam to the desired pomt Other 
vanations on Umflow types use auxihary exhaust \alves to prohibit 
excessive compression It is obvious that the Umflow mdicator card 
showm m Fig 8-10 has a lower mep than that of the ordinary counterflow 
engine operating between the same extremes of pressures, but the gam in 
R C R more than offsets the disadvantage of lower power per cubic inch 
of displacement 

'^8-S Theoretical Mean Effective Pressure and Diagram Factor 
Fig 8-11 showrs a theoretical P-7 diagram for a steam engine without 
clearance and an enclosed actual indicator diagram Tlie analysis about 
to be made is useful to the designer of an engme m estimating the approxi- 
mate ihp to be expected from certain cyhnder dimensions or, con\ ersely, 
m designing for ]^re and stroke m accordance wnth the power to be 
achieved with gi\en pressures and speed 
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Let the volume at the cut-off point be Vi and that at the end of the 

stroke be Vi] the cut-off ratio r is then Let the high pressure entering 

the cylinder be Pi and the exhaust pressure be Pj. Then the area of the 
tall rectangle to the left will be PiFi, and the area of the long, low rectangle 
at the bottom of the diagram vdll be P 2 F 2 . It has been found that the 
expansion curve from point 1 to point 2 closely approximates a rectangular 



(or equilateral) hyperbola; hence, the area under the ciuve between 1 and 2 
Fo 

integrates to PiFi loge (T^Tiile this expression resembles that for the 
Vi 

isothermal-work process with a perfect gas, it must be borne in mind that 
this process is definitely not isothermal.) 

The net area between the two bounding pressure lines vdW be 

P 2 F 2 , and the mean height of this area, or the mean 
Fi 

effective pressure, is the area dmded by the length. Thus, 


or 


P V f V*\ 

Theoretical mep=-^^f l+logc^j^j — P» 

p 

Theoretical inep=— (1+log, T) — Pi 


( 8 - 4 ) 


The theoretical mep thus obtained is corrected by a “diagram factor/' 
the value of vhich is based on experience, to bring into line an actual mep 
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X 16 ^ 

Thus, ^(13.1)=^;^= 1.279 cu ft; the clearance is 0.07 (1.279) =0.090 cu ft; and 

the total volume is 0.090-rl.2(9 = 1.369 cu ft. Since cut-off occurs at 50% of stroke 
the volume at this point is 0.090-f-0.50(1.279) =0.730 cu ft. From the steam tables’ 
the specific volume of drj- saturated steam at 250 psia is 1.S43S cu ft per Ib. Then’ 

^=0.396 lb Ans. 



Fig. 8-12. Diagram for Example S-A 


By calculating tlie amount of cushion steam trapped in the clearance 
space on compression, and deducting it from the total amount present at 
cut-off, the cylinder feed can be computed. Such an analysis, however, 
mates no proidsion for leakage ; an exact determination of the steam con- 
sumption to include leakage would involve very accurate flow metering 
of the steam supplied. A fairly accurate determination that neglects 
leakage from the engine but includes leakage xdthin the engine (such as 
past the piston between the head and crank ends) is made by accurately 
weighing the exhaust steam after it has been condensed in a surface con- 
denser. This is the method most frequenth^ used for determining steam 
consumption. 

^8-6. Performance Curves. — S~13 shows a set of typical per- 
formance curves of a reciprocating steam engine imder test conditions. 
Slost of the curves are self-explanatory and should be carefully scrutimzed 
by the student who can gain some training in analysis of the variables 
involved. One salient fact is that the speed cur\’e as shown is practically 
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horizontal, ^vlth a slight drop as the load is increased, this shows good 
governing The Willans line as shown is straight, this line is straight 
when the governing is by throttling with a fixed cut off, and indicates a 
linear relationship between the total steam consumption, m lb per hr and 
the horsepower if the steam pressure is vaned to suit the load This fact 



steam Engine 

IS also of great advantage in predicting the part-load steam consumption 
of steam turbines, most of which use throttle go\ emmg If the steam 
consumption is p’rotted lurlaTi srattfraatie wiVVi 

the line will not be stnctly [straight, likewnse, for steam turbines that use 
nozzle control, the line will become steeper whene\ er another nozzle valve 
is opened to admit additional steam to carry additional load For further 
discussion of this control, see Chapter 10 



CHAPTER 9 


FLOW m NOZZLES 


9-1. Kinetic Energy in Steady Flow. — In Chapter 4, the general 
equation for energy changes during steadj^ flow was discussed in general, 
and there were mentioned various illustrations of its application to thermo- 
dynamic apparatus wherein several of the terms in the equation were 
predominant and others were of little or no importance. Flow in nozzles 
is a particular application which is concerned vith two energy terms, 
enthalpy and kinetic energy. The reason is that steady flow through a 
nozzle, an orifice, an insulated pipe or a throttling de\dce of any sort, 
such as a valve, is an adiabatic operation, though not necessarily an isen- 
tropic (reversible) type of adiabatic. In the case of a mo\dng fluid, the 
energies and properties of the fluid will be considered at two positions, 
1 and 2. "WTien flow such as that in a turbine nozzle is encountered, the 
enthalpy change is so large that, since the flow is adiabatic, the general 
energy equation for steady flow may be used as follows: 


or 


Enthalpyi+Kinetic Energyi=Enthalpy 2 +IQnetic Energya 

WjYeUY W(\reky 

2gJ 2gJ 


(9-1) 


For 1 lb of fluid, this equation becomes 


7 r , , 


Vel^ 


2gJ ' 2gJ 

This is called by some writers the ^‘equation for the continuity of ene^g>^” 
Frequently, one or the other of the velocities is so low that the quantity 
2gJ in the denominator (which equals 50,000) makes the kinetic energy 
term negligible. As the square root of 50,000 is 223.8, it is seen that a 
velocity of 223.8 ft per sec gives a kinetic energj^ of 1 Btu per Ib; so 
lower velocities can usually be neglected by comparison vdth the change 
in enthalpy, i If, as frequently occurs, the velocity vnth which a fluid 
approaches a /nozzle is low, equation 9-la becomes 

Veil 




2gJ 


(^ 2 ) 


If the velocity resulting from a decrease in enthalp}^ is the prime objective, 
this equation can be conveniently handled in the form 


Velo=223.8\/;i^. 

147 


(9-2a) 



14S 


Engineeking Thermodynamics 


In case the velocity is negligible at point 1, that at point 2 can be 
readily calculated if the properties of the fluid are knomi at the tv\o points 
Since P and T can be measured, v and h can be computed and the velocitj 
calculation can then be made 


9-2 Continuity of Mass Flow — ^^Vhen an mcompressible fluid flows 
steadily through a closed pipe, both the weight and the volume passing a 
giv en point per umt of time are constant W hen the flmd is compressible, 
the weight per umt of time is still constant (otherwise there would be an 
accumulation or dunmution of fluid), but the effects of pressure and tem- 
perature on the specific v olume cause a v anation m the number of cubic 
feet per second flowing For a giv en steady flow, then, of T1 pounds per 
second, 


yli Yell AiVeh 


(9-3) 


in which Ai and At are the areas and ii and cj are the specific volumes 
This equation is often termed the “equation of the contmuitj of maos ” 
The two continuity equations form the basis of a theoretical approach to a 
study of nozzle characteristics 


Example 9 1 — Air moves past point 1 m a pipe with a velocity of 447 6 ft per 'ec, 
a pressure of 50 psia, and a temperature of 120 F, at point 2 the pressure is 30 psia and 
the temperature is 50 F Determine the vcloaty at point 2 and the cross-sectional 
area at each point if the quantity of air flowing is 100 lb per sec 

Solutum. — If it IS assumed that A =Cp2’ =0 24 T for air, equation 9-la gives 


Veb 


from which the velocity at point 2 is found to be 1020 ft per rec * Ans 

Applying the characteristic equation and solving for the specific volume at each 
point we get 


ETi 53 3(550) 
Pi 50(144) 




30 cu ft per lb 


' 30(144) 


- 6 29 cu ft per lb 


The cross-sectional areas are found by applying equation TBus, 


Tr=100 lb per sec=- 


A ,(447 6) Ai(1020) 


430 


6 29 


from which Ai*=0 960 sq ft and ^1=0 617 sq ft 


Ans. 


9^3 Nozzle Efficiency — As stated in Art 9-1, the adiaYatic flow of 
a fluid through a pipe or nozzle can be an adiabatic operation that is to a 
certam extent irrev ersible, that is, an adiabatic with an mcrease m entropy 
The extreme of this is an operation of throtthng, which is completelj 

*For accuracy and ease of solution, the continuity of energy equation should be 
worked by collecting terms, and taking Ai— Ajs=c,(ri— Pj) 



Flo^t IX Nozzles 


149 


irreversible with no change in h, as shown in Chapters 4, 6, and 7 thus far. 
The other extreme^ or the reversible adiabatic where no change in entropy 
takes place, would naturally give the maximum change in h; therefore, 
there would also be the maximum change in velocity. Since the usual 
function of a nozzle in thermodynamics is to effect a change in velocity, the 
isentro'pic flow is taken as applying to a nozzle that is 100% efficient at 
changing enthalpy into kinetic energy. Thus, 

Actual Kinetic Energy- at Exit 


Nozzle Eff.= 


Theoretical Kinetic Energy at Exit 


( 9 - 4 ) 


If the entering velocity is negligible, this equation reduces to: 


Nozzle Eff.= 


Actual Change in Enthalpy 


Isentropic Enthalpy Change from Original Conditions 


(Q-4a) 





Fig. &-1. T-S Diagram for Example 9-2 


Example 9-2 . — Conadering the pipe in Example 9-1 as a nozzle, determine what 
velocity would occur at point 2 if the nozzle were 100% eScient. Also determine its 
eSciency from the true conditions. 

Solution . — In Fig. 9-1 is shown a T-S sketch representing the conditions already 
known. The unknown temperature is that at P* which w’ould be reached by isentropic 
expansion from Pi and Ti. Since a reversible adiabatic follov^s the law Pr^ = C, the 
temperature is found from the temperature-pressure relationship. Thus, 






-501 R, or 41 F 
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Substituting 501 for 510 in the previous example gnes ^ eh » 1071 ft per sec, as 
contrasted with the previously determined value of 1020 Ana 

As the kinetic energies are proportional to Vel*, 

Nozzle E£f = 005, or 90 5% Ana. 

By contrast, it should be observed that, had there been no apjrroach txloctly to am 
sxdieT, equation 0-da v\ ould have given 


Nozzle Eff = 


024(580-510) 
0 24(580-501) 


«0SSG, or 88 G%* 


9-^. Nozzle Forms — Up to this point, anj use made of equation 9-3 
has not considered what \ariations in area should be made when an entire 
senes of stations are taken m equal increments of pressure change in order 
to obtain the maxunum \ elocity that a nozzle can produce for the condi- 
tions mdicated Let it be required to find the cross-sectional areas of a 
perfect nozzle expandmg 1 Ib of steam per second from a position of neghgi- 
ble \ elocity at 100 psia and 1000 F dowTi to 20 psia, the area being deter 
mined where the pressure is a multiple of 10 psi 

From the superheat tables, the imtial conditions give /i=1530 8, 
t»=8 656, and s = 1 9193 Of these n alues, s wall remain constant, since this 
IS to be a nozzle with an efficiencj of 100% When this \alue of s is used 
at 90 psia, /i=1514 1, if=9 40, and the velocity is computed as follows 

Vel = 223 8 Vl530 S-1514*=915 ft per sec 


The area is then 

^=^^^=0 01028 sq ft 
915 

In a similar manner, \ alues are computed for ev ery pressure drop of 10 p«i 
The results are shown m Table 9-1 


TABLE 9-1 

CALCULATED DATA ON PERFECT NOZZLE 


p 

* 


vu 

1 

100 

1530 8 

8G5 

0 

0 01028 

90 

15141 

9 40 

915 

80 

1400 2 

10 30 

1318 

0 00782 

70 

1476 2 

1136 

1655 

0 006S6 

60 

1453 4 

12 95 

1963 

0 00653 

50 

1427 7 

14 87 

2272 

0 006o4 

40 

1398 0 

17 69 

2578 

0006S6 

30 

13613 

22 09 

2912 

0 0075S 

20 

1313 9 

30 18 

3293 

000915 


•The use of equation 9-la has become «o n idr^preid that many texts do not men 
tion equation 9-4 
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The tabulated values have special significance when plotted as in Fig. 
9-2. In this plot, pressures have been used as abscissas; and specific 
volume, velocity, and area have been used as ordinates. Examine the 
shape of the curv^es closely. It vnR be seen that the specific volume 
increases as the pressine decreases, according to the law Pv^^C) hence, the 
value of V increases very slowly at first. Contrary to this, the velocity 
increases at a rapid rate during the early part of the pressure drop. How- 
ever, as the pressure continues to drop, the rate of change of specific 
volume continues to increase, while the rate at which velocity changes soon 
becomes practically constant. The resultant effect on the area is as follows: 



P, psta 

Fig. 9-2. Curves Showing Data of Table 9-1 


TYTiile the veIocit 3 ’' is increasing faster than the specific volume, the area 
must decrease; hid, when the specific volume increases faster than the 
velocity, room must be made and the area increases. Accordingly, when 
a nozzle is designed with areas as indicated, it is spoken of as “convergent- 
divergent.” 

If the steam in the foregoing example had been expanded from 100 
psia onlj'’ to an exit pressure of 60 or 70 psia, the nozzle would have been 
merely convergent. Note carefully the relationship between the pressure 
and area in Fig. 9-2, and see where the minimum cross-sectional area 
occurs. The term “throat” is usually applied to the minimum area of a 
convergent-divergent nozzle. 

If a fluid is scarcel^^ compressible (as is a liquid), there vdll be no increase 
in specific volume as the pressure drops; hence, a nozzle for liquids should 
be only convergent. 

In Figs. 9-3 and 9-4 are showm actual nozzle profiles for, respectively", 
a vapor (or gas) expanding from a high pressure to a low (less than 50 per 


Fig 9-3 Profile of Typical Conrergeat 
Divergent Ifozzle 


Fjg 9-4 Pro- 
file of Coaver 
gent Konie 


Both fnction, affecting nozzle efficienc} and ease of manufacture roust 
be considered , a nozzle intb a straight bne d^^ ergent section can be ea^ib 
reamed for smoothing Experience ha* shown that the di\ ergent part of a 
nozzle will giie the best eflSciencj if the taper of the sides is about 1 m 10 
on diameters, experience has also shown that a minimum friction loss will 
occur m the rounded entrance ■section (between high pressure entrance 
and the minimum cross-section) if this ejection is made \ery *:hort, •'aj 
one-twentieth of the length of the di\ ergent section Since the \eIocity 
m this short entrance section i;s lower than that m the exit ‘section, an 
abrupt change of area is permissible 

The cross-section may be circular, elbptical, square or rectangular 
For steam turbine worl. rectangular areas are fai ored as the steam can be 
made to conform better to the blade passages mto which it is directed, for 
additional discussion on this feature, see the next chapter 

9-S Bumtatjon of Discharge —Up to this pomt, no mention has been 
made of the influence of pressure on rate of dischai^e, bej ond that o 
calculating W areas at i anous pressures for a gii en weight fiowmg per 
■unit of time Vhe question now is ^^^lat does changing the c^it 
do'Ho the flow? If the exit pressure were to be raised until it equaled 
the inM presraV there could be no flow at aU unless there were an initial 
xelocitj^ig 9-^hows ■what a gi\en nozzle, «ruch as the one u'w m t 
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previous illustrative example, will do if the back (exit) pressure is varied 
from the one extreme of equaling the initial pressure to the condition 
(20 psia) used in the example. To facilitate understanding the principles 


of this article, the ratio of back pressure to initial pressure, or is used as 

1 

the abscissa in Fig. 9-5. When P-^Pi, the ratio is unity and flow ceases; 
when the ratio is a little more than 0.5, the maximum flow is attained, and 
the flow remains constant as the pressure ratio is further decreased. The 



Fig. 9-5. Effect of Exit Pressure on Flow" 

reason for this is as follows: WTien the velocity reaches a high value, a 
pressure* wave can no longer make itself felt to influence the discharge. 
A pressure wave is transmitted through a fluid with the velocity of soimd; 
at the throat of the nozzle, the velocity of the mo'^dng fluid reaches that of 
sound, and hence the back pressure cannot send a wave up-stream. The 
conditions are analogous to those when a man attempts to swim up-stream; 
if the man's swimming speed in still water is equaled or exceeded by the 
speed of the stream, he cannot swim up-stream. Hence, the back pressure 
cannot send an opposing wave up-stream if the stream velocity exceeds 
that of sound. Note again Fig. 9-3 and the velocity cur\"e of Fig. 9-2, 
and take cognizance of which part of the nozzle is in the subsonic region 

* With any disturbance in the back pressure, a pressure wave tends to move 
up-stream in an attempt to equalize pressures. 
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and which is in the supersonic region Reference to any standard physics 
text will give the velocity of sound as 

Acoustic velocity = ^/¥ogk =-\/Rfgk (9-5) 

where the S3rmbols have the usual significance used in this text. 

The pressure at -nhieh the acoustic velocity is reached by isentropic 
expansion is related to the initial pressure as follows; 



where is the throat pressure, or nozzle critical pressure; this is called the 
nozzle critical pressure because at this point the specific volume starts to 
increase faster than the velocity increases The derivation of this expres- 
sion is reserved for a subsequent section of the text 

Example 9-S — For the conditions in the example in Art 9-4, at what pressure 
should the throat of the nozzle occur, and what should be the acoustic velocity? 

Solution . — As k for superheated steam is about 1 3, 



Since Pi =100 psia, P^ =54 5 psia Ans 

According to the curve of specific volume in Fig 9-2, u at the throat pressure is 
13 9 cu ft per lb (This could also he found by isentropic Pv relations ) Also, it is 
seen from Fig 9-2 that the nnnimum cross-sectional area occurs at this pressure By 
formula 9-5, 

Acoustic velocity =\/54 5X144X13 9X32 2X13 

=2140 ft per sec Ans 

This value also can be read approximately from the velocity curve at the throat pressure 

It is often asked why expansion is carried below the throat pressure if 
the flow is not increased thereby It is necessary to remind one’s self that 
the quantity of flow is determined by the throat but that the velocity is 
increased by expansion to a lower pressure and that the kinetic eneig}', 
which is a function of velocity squared, is increased by expansion into the 
supersonic region. 

To reiterate, a nozzle for expansion to a pressure above the critical 
ratio indicated by equation 9-6 should be merely convergent; the velocity 
will remain subsonic and the quantity of flow -mil be affected by the back 
pressure. A nozzle for expansion to a pressure lower than the critical 
ratio should be convergent to the throat, and then divergent; the quantity 
of flow 'will be determined by the throat pressure and area, not by the final 
exit pressure 

* Provided that no appreciable velocity exists at Pi 
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★9-6. Derivation of Nozzle Critical Pressure Ratio. — Since h — u+~, 
differentiating gives 

jr , Pdv , vdP 
dh-d«+~+-j- 

Since conditions are adiabatic, dQ=0. Hence, d!{-i-^^=0 and 


If this be integrated with Pv^=^C, then 




Substituting in equation 9-2 gives 


from which 




Vel,-,|/^{P,r.-Pa-,) 


(9-2b) 


Now consider that , and that this ratio is a marimum where the 

Jx V 

area is a minimum, i.e., at the throat. There, v=Vc, Vel=A'elc, and 
P=Pc- Then, 


YeL= 


y fc-i 


(PlVl — PcVc) 
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Since 

Since this relation is for a maximum value of the pressure conditions 

when this maximum will be obtained are found by differentiating, with 
respect to P e, the part of the expression pertaining to Pc and placing the 
first derivative equal to zero Thus, 


2 1.-+1 



As previously stated, this ratio depends on the assumption of no 
entering velocity and no fnction, but, as the velocity at entrance and the 
friction to the throat generally are small, this ratio can be used without 
serious error 

9-7. Flow of Wet Steam ; Supersaturation — Up to this point no men- 
tion has been made of the flow of dteam which was initially wet or which 
nught be expected to become wet durmg its expansion It has been known 
for many years that such steam does not remain m equilibrium during its 
expansion However, the necessity of accounting for the effects of this 
non-equihbrmm expansion on steam-turbine performance was not recog- 
nized for some time Two seemingly incongruous test results pointed out 
the necessity of studying the expansion of steam when condensation is 
expected dunng the expansion First, it was found that the amount of 
steam flow, when the steam was imtially of very high quality or slightly 
superheated, was actually greater than that calculated by the assumption of 
equihbnura expansion in a frictionless nozzle In addition, it was found 
that the eflSciency of that part of the turbme where there was little or no 
superheat was a little less than that predicted for equilibrium expansion 

Condensation is a tune-taking process It appears that m the absence 
of nuclei, such as dust particles, a few molecules of steam must come 
together to form a nucleus This nucleus attracts other molecules of 
steam and grows into a very small droplet This formation of a droplet 
may take place max ery short time, but it must be realized that the time 
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required for steam to pass through a nozzle is onl}’* a very small fraction of 
a second. Thus, condensation wall not occur so near the entrance of the 
nozzle as might be expected. In some cases, steam may not start to con- 
dense until after it leaves the nozzle. 

Expanding steam should partially condense to remain in equilibrium. 
If it does not condense at all during its expansion, its increase in kinetic 
energj’' as a mass must come from the molecular kinetic energy, because 
there is no condensation to release molecular potential energ3a This 
increased reduction in molecular kinetic energy is accompanied by a greater 



reduction in temperature than \vould have occurred if condensation had 
taken place. Such steam exists at a temperature below its normal satura- 
tion temperature. In this state, it cannot be in equilibrium. It may then 
be said to be metastable or supersaturated. Because it is at a temperature 
below^ its saturation temperature for the given pressure, it is often referred 
to as undercooled steam. 

Steam expanding without condensation behaves like superheated steam, 
and may be treated as such. A constant-pressure line on the T-S plane is 
horizontal in the saturated region. If there is supersaturation, the steam 
cannot be saturated. Hence, the constant-pressure line is no longer 
horizontal, but becomes an extension of the curved line in the superheated 
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region Note the dotted e'^tension of line Pj m Fig 9-6 If an isentropic 
equilibrium expansion occurs between an initial state 1 and a hnal pressure 
Pj state 2 in Fig 9-6 is reached Hotv ever, if the expansion is a metastable 
one to pressure Pa then the state after expansion is 2 In a like manner 
the metastable expansion shown on the h~S plane Fig 9 7, will end at 
state 2 instead of 2 The final enthalpy at the end of the metastable 
expansion is higher than that for stable expansion This smaller change in 
enthalpy for the supersaturated expansion results from lack of condensation 
to release molecular potential energy Because of a smaller change m 
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Example 9-4 - — Steam expands isentropicalb’ through a nozzle from initial condi- 
tions of 400 psia and 450 F to atmospheric pressure. Calculate the quantity dis- 
charged in pounds per second by: (a) equilibrium flow and (6) supersaturation flow. 
The throat area is 1 sq in. 

Solution , — ^If it is assumed that the throat pressure is in each case 0.545X400 = 218 
psia, Fig. 9-8 shows the throat temperature under each set of conditions. Although 
saturated steam has a value of k of 1.135, and hence has a nozzle critical throat pressure 
ratio of 0.578, it is cxistomary to use the superheated value of 0.545 if the steam is super- 
heated before the expansion starts. 



litial set of properties may be taken as follows: r — 1.1744, /i = 1208.8, and 

1.53S0-1.4S92 


2. Then the moistme at the throat pressure of 218 psia will be - 
nd t;= 2.002 and = 1158.1. Hence, 

Throat Vel = 223.8 ■\/l20S.S - 115^ = 1595 ft per sec 


iuilibrium flow, 


Tr= 


1 1595 


=5.54 lb per sec 


'144 2.002' 

‘ supersaturation flow, the specific volume at the throat is 


I 

i*=1.1744^|^y =1.872 cu ft per lb 


0.9853 


Ans. 
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Uy equation 9-2b, 

Vet =. (1.1744) - (218)(1 872)J 

= 1574 ft per sec 

P®*" Ans 

Note that there is httle percentage difference between the velocities as computed 
by the two methods, but that there la considerable difference between the specific 
volumes ^ 



Two questions arise couceming supersaturation m conjunction uith 
turbine design: 

1. When must it be taken into accounf^ 

2, Hbw can it be taken into account? 

The answer to the first question is tied up with the initial state of the 
steam and with the amount of the expansion. Expansion 1-2 shown in Fig 
9-9 IS wholly in the superheat region Hence, the steam cannot be super- 
saturated. E’^pansion l'-2' crosses the saturation hne, and as^ condensa- 
tion should occur, supersaturation will exist Expansion l"-2" takes 
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place wholly in the saturated region, and supersaturation will axist.* In 
general, supersaturation will exist at that point in the nozzle where con- 
densation is expected. 

As the degree of supersaturationf increases (r.e., the further away the 
steam is from saturation), the greater will be the force tending to restore 
the steam to equilibrium conditions. When the degree of supersaturation 
reaches a certain limit, condensation will start. The nature of the recovery 
process is not fully understood, but it appears both from an analytical study 
and from experimental work that there is a pressure rise when the very 
small drops of water are formed. As much of the original work on super- 
saturation was done by Wilson over fifty years ago, his name has been 
applied to the line where recovery starts to take place. Various authorities 
have located the Wilson line as a line on the hS diagram approximately 
paralleling the saturation curve. Yellottf places this line between the lines 
for 3 and 4 per cent of moisture at pressures below 80 psia. 

No hard and fast rules can be given for determining when full recovery 
has been reached in a nozzle. Some authorities believe that complete 
recovery is never reached in a nozzle, but there is disagi'eement on this 
point. Where other information is lacking, the following is suggested. 

1. If condensation is expected at the throat of a convergent-divergent 
nozzle or at the mouth of a convergent nozzle, treat the flow up to that 
point as supersaturated. Normally, the effects of friction, particularly on 
specific volume, up to this point are not large. As a close approximation of 
the true velocity at this point, it is suggested that the velocity calculated 
for supersaturation be multiplied by 0.98. 

2. Assume that equilibrium is restored at the exit of a convergent- 
divergent nozzle. This assumption is a reasonable one, as the length of the 
nozzle between the throat and the mouth is large and a relatively long time 
is available for recovery to take place. The nozzle exit conditions are de- 
termined by applying a nozzle efficiency to stable expansion, as 'was done 
earlier in this chapter. The nozzle efficiency to be used is for conditions in 
the nozzle under calculation and includes the effects of the loss due to super- 
saturation. 

* Some authorities believe that this expansion will be an equilibrium one, because 
the original drops of water will act as nuclei and will cause immediate condensation. 
This is not true, since the drops, being at a high temperature, have a tendency to vaporize. 

t The ratio of the pressure of the supersaturated vapor to the saturation pressure cor- 
responding to the supercooled temperature is kno^\Ti as the ‘‘degree of supersaturation.” 
Thus, in Example 9-4 the temperature of the supersaturated steam at the throat would 

be p ^ ^ =«791 R, or 331 F. Since the saturation pressure corresponding to 331 F is 

104.5 psia, the degree of supersaturation is ^ -2.08. 

J J. I. Yellott, Jr., “Supersaturated Steam,” Trans. FSP-50-7, 1934. 
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Example 9-6 —Calculate the exit area for the nozzle in Example 9-4 if the flow 
through the throat is as found by supersaturation but assume that recovery to stable 
conditions is reached at the exit The nozzle s over all efficiency is 94% 

Solution — ^In Fig 9-10 point 2 the actual condition at 14 7 psia and 2 
represents the isentropic condition By isentropic conditions, the moisture at nomt 2 ta 
17566-14892 v ^ 

rxrTK 185 Hence, 

1 4446 ’ 

hi =1150 4-(0 185)(970 3)=9709 


The available energy would then be 1208 8 — 970 9 = 237 9 but the nozzle efficiency of 
94% means that 6 per cent of the available energy is returned to enthalpy Therefore 
ftj 13 really 970 9 +0 06(237 9) = 985 17 (see Fig 9-11) For this condition the moisture 
IS 17% and hence the specific volume is 22 25 cu ft per lb 



Nozzle mefliciency increases specific volum*> and decreases velocity as could bo 
expected The exit velocity is then 

323 8 \/1208 8 -98517 = B340 ft per sec 
and the area for 5 84 lb per sec is 

^B(^^M.5 60sqin 

The foregomg calculation is typical Sometimes, instead of quoting 
nozzle efiBciency, there is given a lelocity coejjicient vhich represents the 
ratio of the true velocity to that obtained under isentropic conditions 
Obviously, the velocity coefBcient must be equal to the square root of t c 
nozzle efficiency, smee the kinetic energy is proportional to the square o 
the velocity 
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When a nozzle is designed as in the foregoing examples for the condi- 
tions specified, the exit area is such that, if the nozzle is operated at a 
smaller rate of flow or operated to a higher back pressure, the nozzle is too 
long or is overexpanded. If the initial pressxire were raised so that more 
flow would occur, or if the back pressure were greatly reduced, the nozzle 
would not be large enough at exit, or would be underexpanded, and there 
would be a pressure drop in the jet after it left the nozzle. Both over- 
expansion and imderexpansion cause some energy loss; but, when a choice 
has to be made, overexpansion is far more serious and hence is to be avoided. 



As a result, the nozzle of a steam turbine which is to run at part load a large 
part of the time is apt to be designed for a certain amount of imderexpan- 
sion; then, excellent part-load efficiency is obtained. 

When moisture is present, the drops of liquid move much more slowly 
G^ecause of the small change in enthalpy of the liquid) than does the diy 
saturated part of the vapor. Hence, they cause a loss because/ the vapor 
must exert energy on the droplets to push them along. This condition 
further lowers the velocity coefficient. In fact, the velocity coefficient for 
wet steam must always be thought of as being due to^a combination of 
nozzle imperfections and their effect on the vapor plus^the droplet lag. 
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In summation, nozzle losses can be cla'^sed as foUovvs 
(o) Friction between the nozzle and the fluid itself, uhich is affected 
by the nozzle’s surface finish, its fluid dynamic characteristics, and its 
design m general — proportions, length, matenal, o\ erexpansion or under- 
expansion, etc 

(6) Supersaturation, which is certain to be encountered at the throat 
if saturated steam is used 
(c) Droplet lag 

Supersaturation and droplet lag are well a\ oided by the use of super- 
heated vapors that remain in the superheat region 

In further summation, the nozzle critical pressure ratio for air (and 
other gases for which & = 1 4) is 0 528, for steam initially superheated it is 
0 545 and for steam mitiallyuet it is 0 578 

■^9-8 Jet Force — If a nozzle is used as a jet for the purpose of pro- 
ducing a force, and complete expansion takes place, the force can be found 
as follows Force equals mass times acceleration, and acceleration is the 
time rate of change of velocity Then, for TT lb per sec undergoing a 
velocity change of A(Vel), 

F==yA(Vel) (9-7) 

For a nozzle that is underexpanded (frequently m a jet-propelled air- 
plane), 

i? = iL A(Vel) -1- ^ (P, - P.) (9-8) 

9 

where A is the jet area and P,~Pt is the pressure drop outside the nozzle 
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STEAM TURBINES 

lO-l, Field of Service. — ^The steam turbine is supreme in the field of 
electric power generation. More electric power is generated in the United 
States by means of the steam turbine than by all other types of prime 
movers combined. Furthermore, with the exception of the aircraft field, 
it appears that the development of atomic power will be dependent on the 
steam turbine as the prime mover. 



Steam turbines are made in sizes ranging from a few horsepower to' ^ 
units of approximately 275,000 horsepower. Steam turbines are used to ' 
drive many high-speed pieces of machinery, such as pumps, blowers, fans, 
and centrifugal compressors. The prime field of service, however, is for 
stationary electric generators and for large-size marine propulsion. In 
these fields, steam turbines have little competition from diesel engines and 
gas turbines for units above 5,000 hp, because the thermal efficiency of the 
large steam-turbine power plant approaches that of a diesel, and its boiler 
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burns a cheaper fuel The high speed of the large steam turbine means a 
compact unit i\uth a low initial cost 

Even in smaller sizes (up to 10,000) the steam turbine is used very exten- 
sively. Although these steam turbmes are mherePtly less eflScient than 



die-^el engmes, the diesel engines cannot compete with steam turbines when 
the major portion of the turbme exhaust steam can be used for heating 
purposes 

JO-2. Classification and Descnption — In the case of a steam turbme 
there is transformation of enthalpy into kinetic energy m the nozzles 
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(See Chapter 9 for a discussion of this transformation.) The high-velocity 
steam issuing from the nozzle is directed onto so-called blades or buckets. 
Here, by virtue of a change in velocity of the steam, a force is exerted on 
the blades and work is done. The blades are mounted on or vheels 
to which is transmitted the energj^ received from the steam. From the 
wheels the energy passes to the shafts and thence away from the turbine. 



Fig, 10-3. Velocity-Compotinded Steam Turbine 


A diagram of a simple steam turbine, with the principal parts designated, 
is shown in Fig. 10-1 . In Fig. 10-2 is shown a cross-section of the nozzles and 
blading for this simple turbine, together "^dth a plot of the variations of the 
pressure and velocity of the steam as it passes through the turbine. This 
type of turbine is known as an impulse turbine. Specifically, an impulse 
turbine is one in which the pressure drop occurs in stationary- nozzles. As 
wiU be shown later, the efficiency of the simple impulse turbine is very- low. 
The efficiency may be improved b^’' using either velocity compounding or 
pressure compounding or by using both. 

The velocity-compounded turbine, often called the Curtis, is illustrated 
in Fig. 10-3; and in Fig. 10-4 is shown a cross-section of the nozzle and 
blades vith a plot of the variations in pressure and velocity in the turbine. 
It should be noted that the pressure drop occurs whollj- in the nozzles, 
the velocity being built up to its maximum value. The high-velocity 
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steam does work m the first row of blades and then enters the stationaiy 
blades (or guide vanes) There, the steam direction is reversed and tlio 
steam enters the second moving row (mounted on the same wheel as the 
first moving row) where additional work is done The turbine illustrated 



IS a two-vclocity-row turbine (te , the ^cIoclty set up is utilized m two 
steps or rows), three-velocity-row turbines were tried out, but they ha 
too many draw backs, particularly that of low efficiency 
'sFig 10-5 shows a prcssurc-compoundod turbine Only two stages o 
tho^rbme are showm, normally the turbine would have C to 
stag^v Fig 10-0 shows the cross-section throuch the nozzle and b 






170 


Engineering Thermopynamics 


as well as the vanations m pressure and velocity Each of the two pressure 
stages shown is a single-velocity stage Such a turbine is called a Rateau 
turbine 

Many turbines have as a first stage a two-row velocity stage This is 
followed by several pressure stages, each pressure stage being a single- 
velocity stage When the exhaust steam is to be used for heating purposes 
and a compact turbine is desired, two or 
three pressure stages, each of whch is a 
multi-velocity stage, are used m senes 
In a reaction turbine, there are no 
nozzles as such, but there is a senes of 
blade rows The passages between the 
blades are in the form of convergent 
nozzles and act as such Every other rjw 
of blades is a stationary one As indicated 
in Fig 10-7, the moving blades are mounted 
on a drum, rather than on wheels ifhe 
combtnahon of a stationary row and a m^ng 
row of blades is known as a stage * Jn ■" re- 
action turbme, there are generally 30 toMO 
or more stages Fig 10-8 shows a cro^ 
section of the blading, together with the 
pressure and velocity vanations Many 
reaction turbines have a two-row Curtis 
impulse stage followed by the caction 
stages 

Because of the existence of steam at various pressures in a turbme, 
steam may be extracted from a turbme part way in the exp nsion from 
inlet pressure to exhaust pressure The extracted steam may be used for 
process work in a plant, for building heating, or for regenerative feed-water 
heatmg Such turbines are known as extraction bleeder turbines If 
the exhaust steam is to be used for any heatmg purpose, the turbme is 
called a back-pressure turbine In recent years, there have been many 
installations of a high-pressure (1400 to 1500 psi) turbine which exhausts 
at 200 to 300 p^i and supplies steam to an existing turbine designed to take 
steam etf, such pressures This high-pressure turbine is knowm as a super- 
posed or “topping'^ turbme 

For constructional reasons, as well as to permit reheating, the full 
expansion of the steam may not be completed within one casing Sue 

•This IS ft general definition directly applicable to Hateau 
For Curtis stages it should be interpreted as meaning a row of nozzles and the r 
of blades moving wnd fixed, whi-’h utilize the velocity generated in those nozzles 



Fig 10-7 Mountmg of Blades 
of Reaction Turbme 
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a turbine is called a compound one , it is a tandem-compound machine in 
case the shaft extends through the tno casings, and is a cross-compound 
turbine if the casmgs are side by side xiith individual shafts 

When a turbine receives large quantities of steam, particularly at low 
pressures, the volume per unit of time becomes so great that the steam flow 
13 divided up, each part going to a separate casing Such a turbme is a 
double-flow turbme The double-flow pnnciple is also used m reaction 
turbines to minimize end thrust 

10-3. Theory of Impulse Sladmg — Work is done on the blades of a 
steam turbine by virtue of the force exerted on them by the steam as it 
changes m velocity * This force equals 

g ^ g dt g M M g g ^ ’ 

where F is the force m pounds, A\V' is the weight of steam, m pounds, 
supplied in a time At, W is the rate of steam flow, in pounds per umt of 
time, and AV is the change m the velocity of the steam m a plane parallel 
to the motion of the blade on which the steam acts 

In Fig 10-9 the steam is shown striking a flat blade at nght angles to 
the surface of the blade The steam leaves the nozzle with a veloc ty Vt, 
and the blade velocity is Vt, It is assumed that the steam leaves the blade 
m a direction parallel to the surface of the blade and that its \ elocity m 
the direction of motion of the blade is therefore Vb Hence for a flat blade, 

9 

As work equals force times distance, the work in ft-lb per sec is 

9 

and the work m ft-Tb perTb of steam is 

00 - 2 ) 

9 

As the velocity of the steam leaving the blade is high, this steam 
possesses considerable kinetic energy which has not been utihzed To 
obtain more work, a 180-deg blade of the typ6 shown m Fig 10-10 (a) 
may be used If the 180-deg blade is held stationary, the steam directed 
on the blade will foUow it around Fnction bemg neglected, the i elocity 

♦IntLa chapt«‘r only, V will be used as the sj-mbol for velocity This is to avoid 
the difficulty of wntmg Vel on the many velocity diagrams 
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of the steam coming out of the blade numerically equals that at the blade 
entrance. 

If now the blade is allowed to move, but the steam velocity measured 
in relation to the blade {i.e., the relative velocity) be made the same as 
previously, then the exit velocity measured in relation to the blade will 
equal the previous exit velocity. This is illustrated in Fig. 10-10 (6). 



n 

n 




Vnz 

^ 


(b) 



Fig. 10-10. Force Exerted by Steam Striking 
Curved Blade 


Subscript 1 designates entrance conditions, subscript 2 designates exit 
conditions, and subscript R refers to relative velocities. Velocities to 
the right being denoted as positive, the change in steam velocity equals 
If blade friction is neglected, Vjji= The change in steam 
velocity becomes 

Vi _ Fo = 7i - (Ff, - Fij.) = Fi - (Ft - Ffli) = Fi - [Ft, - (Fi - Fa) ] = 2(Fi - Ft) 
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Therefore, for the 180-deg blade, without friction, the work m ft-lb per lb 
of steam is 




If equation 10-2a is differentiated wnth respect to Vb and the result is 
equated to zero, the proper blade speed Mill be obtained for maxunuro 
eflSciency For the ISO-deg blade, this -v alue of Vb equals ^Fi 

The function of a blade is to turn as much as possible of the kmelic 
energy into work Blade efficiency equals the blade work divided by the 
kinetic energy of the entering steam If the proper blade speed is used for 
a 180-deg blade without friction, the efficiency is found to be 100% 



Fig 10-11 Absolute Velocities of 
Steam end Blade 


Because of the necessity of mounting the blades on wheels and of having 
rotation, the nozzle must be placed at an angle to the path of the blades 
In Fig 10-11 IS shown one blade nith steam issuing from the nozzle nith a 
\elocity Vi and at the nozzle angle a, Fig 10-12 As far as the blade 
13 concerned, the steam enters it at a velocitj Vm and at an angle 
indicated ra Fig 10-12 If the steam is to enter without shock, the blade^ 
entrance angle must be made equal to * The steam follows the bladi 
around and leai es wth a relative velocity Vst at the blade exit angle y 

• The actual direction of the steam is at angle a in order to intcwpt the laoW 
blade at angle just as an anti aircraft gunner is taught to lead the target m j 
case the blade 
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The steam leaves vith an absolute velocity Vi and at an absolute angle 5. 
If there is no friction, the two relative velocities are equal. Actually, 
friction causes the relative velocity 7^0 at exit to be less than the velocity 
7 ei at entrance. The ratio of Vm to 7ai is knomi as the blade velocity 
coefficient, and is denoted by the symbol 



Fig. 10-12. Vector Diagram of Velocities 
of Steam and Blade 


The force exerted on the blade depends on the change in that component 
of the steam velocity which is parallel to the blade motion. This change 
equals Vi cos a — V 2 cos 5, Care must be taken with the sign of F 2 , as it 
becomes negative if the exit steam travels in the opposite direction from 
the entering steam. This trouble may be avoided if relative velocities are used. 
Since Vi cos F/si cos P+Yh and V 2 cos b—Vh = VR 2 cos y, the force on the 
blades, in pounds, is 

TT^ 

— (Tiji cos ^3+7^2 cos 7 ) 

The work in ft-lb per lb of steam is 

.Wk = {Vei cos ^+7^2 cos T)y (10-3) 

Equation 10-3 is a vorking equation. The relations which follow are 
derived to show the possibilities of actual blades, particularly for maximum 
conditions, and are not working equations. 

To find the value of Yh for maximum work and efficiency, rearrange 
equation 10-3 as follows: Since 7^2 = fct7^i, 

7bi cos ^+7b2 cos t = 7bi cos ^(l+h I) 

, S) 

1^ t A discussion of the factors affecting kb is beyond the scope of this text. However, 
Yi is desirable to call attention to some of these factors, such as relative steam velocity, 
ade angles, blade material and workmanship, blade height, blade shape, blade width, 
fozzle angle, and cross-sectional shape of stream of fluid lea^dng the nozzle. 
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Then the \rork per lb is 


(l.cosa-uYl+i.^) 

— ssa^,-. 

s 

If, OS 1 ane«:, the \ elocit j coefficient remains substantially constant 
and the angles y and /5 remain constant (or the ratio of cos 7 to cocs j5 
remains conbtant), then the work "vanes as the quantity (T'l cos a— r»)i» 
^ anes Then, 


d(I I cos PC— I^) 


1 1 cob a— 21 6 — 0 


and 


1»^ 


1 1 cos g 


(ItM) 


In practice, the steam v elocit les for gi\ en blade ‘^peeda are higher than 
those given by equation 10—1 This condition reduces the number of 
stages and hence the length of the turbine In case the turbine is a small 
one, it IS not econormcal to use many stages Under these conditions, the 
value of the steam velocity greatly exceeds that given by equation 10-1 
Howev er, the blade efficiency is much lower than the theoretical efficiency 
possible for the giv en nozzle angle 

For these conditions, the maxim um efficiency* equals 




Vi cos 




ii 

2 g 


cos’ af , , , C0S7\ 


If there is no fnction (t e , / » — 1 0) and if 7==^ then the maximum efficiency 
equals cos* a If the blade outlet angle 7 Ua made smaller than the correct 
blade inlet angle /?, then there is an improv ement in the blade efficien^ 
For this reason blade outlet angles generally arc made smaller than t^ 
inlet angles The minimum blade outlet angles will be du cussed m a sub- 
sequent article 


Eztttnple lO-J —Steam leaves a nozzle -with a velo«t} of 1000 ft ^ w at 
of lo* The blade velocity coefficient is 0 00 The bbde «pecd is 600 ft . 

the blade outlet angle is aj” CalcnUte the work per pound of steam and the Diaoe 


efficiency 
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Solution . — As indicated in Fig. 10-12, 


V’si=-\/(Fi cos a— yi,)-+(Fi sin a)^ 

=V(1600 cos 15“-600)2+(1600 sin 15°)2 
=V9452+4142= 1032 ft per sec 

Then, 

=0.90(1032) =929 ft per sec 
Vjn cos 7 = 929 cos 20° =873 ft per sec 
Vm cos iS = Fi cos a — ^6 = 945 ft per sec 

The blade work per lb of steam, by equation 10-3, is 


Wk-<2«ig|e«>. 33,870 Mb 

Efficiency =^^=-^1^-=. 852 or 85.2% 
2X32.2 


Ans. 
. Ans. 


Example 10-2 . — Make an energy balance to show what happens to the kinetic 
energy leaving the nozzle in the preceding example. 

Solution . — ^The kinetic energy leaving the nozzle goes partly to work, partly to 
reheat (f.e., increase in enthalpy due to blade friction), and partly to kinetic energy at 
blade exit. If the blades are stationary, the decrease in kinetic energy in the blade 
passages is the blade reheat. K the blades are in motion, the blade reheat will be the 
same as when they were at rest, provided that the steam velocities measured in relation 
to the blades are the same. Thus, the blade reheat equals 


The exit velocity is 

F 2 =\/(FiJ 2 cos 7 — F 6 )” 4 -(Fj ?2 sin 7)2 

=V2732-k3192 = 419 ft per sec 2 I 

Then the exit kinetic energy = 2736 ft-lb per lb. 

The total of the work, exit kinetic energy, and blade reheat equals 

33,8704-2,736+3,112=39,718 ft-lb per lb 

i The original kinetic energy = 39,730 ft-lb per lb. 

! ^ 

. Example 10-3 . — Calculate the proper blade entrance angle for the data in Example 
‘ 10 - 1 . 

I Solution . — ^The proper blade inlet angle is 

Example IO-4. — Calculate the axial thrust per lb of steam per sec for data in 
Example 10-1. 

Solution . — The axial thrust is caused by a change in the component of the steam 
velocity perpendicular to the blade motion. This change equals 
F 1 sin a — F2 sin 5 = Fi sin <x — Vr 2 sin 7 

= 414—319 = 95 ft per sec 
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10-4 Compounding — It has been shown that m order to obtain a 
high thermal effiaency there must be a high o\ er all temperature range 
For a steam power plant this means that the o^ er all pressure range mmt 
be large If the expansion takes place completel} m one group of nozzles 
from boiler to condenser pressure, ^ elocities of the order of 3,000 to 4,000 
ft per sec or eien higher will result Equation 10-3 shows that for 
maxiTTiuTn efficiencies the blade speed of a simple impuLe stage cquaL 

— \5 the limitmg \alue of the speed of the blade tips is about 

1,000 to 1,100 ft per sec, it may be seen that the simple impuLe turbine 
cannot utihze efficientlj the \ elocitj produced by the complete expannon 
The two methods of compoundmg have been discussed in Art 10-2 
which should be re-read It may be ■shown that for maximinn efficiency 

the blade yelocity of a two-row Curtis ■stage, Fig 10-3, is 1%= ^ ^ 

Because the proper blade i elocity Ft for a simple turbme blade is Ll^L? 

for the ■same blade \ elocity the y elocity of steam leavmg the nozzle of a 
two-row Curtis stage is tyvice that of the simple turbine As the kmetic 
energj , and hence the work done, is a function of the square of the yelocitj, 
the two-row Curtis stage theoretically ynU produce four tunes as much 
work per pound of steam as is produced m a ■simple turbme haying the 
same blade speed 

Although the two-row Curtis stage produces much work per pound of 
steam, the steam y elocities are excessiye Because of the necessity of 
abrupt changes m directions of flows, particularlj m the blade passage^, 
these high y elocities are accompamed by high fnctional losses As a 
wnl’ifcri'triniil’ihgilw’ 
more losses), such stages are not used 

When high efficiency is desired, pressure compoundmg of the Bateau 
type, Fig 10-5, is used In this tj^ie of compoundmg the pressure drop 
IS diyided mto a sufficient number of steps to permit the kinetic eneigj 
up m any row of nozzles to be efficiently utihzed by the blades which 
follow Because the \ elocity m the Bateau t^iie of turbme is relatiydy 
low, the efficiency is higher than that of the Curtis type 

In spite of its lower efficiency the two-row Curtis stage is used exten- 
siy ely for sey eral reasons In the first place it is much more compact than 
the four Bateau stages it can theoreticallj replace Becau^^e of the muc 
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higher pressure drop in the nozzles in the Curtis stage, the maximum 
temperature and pressure of the steam coming in contact "^Tth the blading 
and casing are much lower than when Rateau stages are used. Because 
the steam flow to the first stage can be readilj^ controlled by controlling the 
nozzles in use in the first stage, the use of a Curtis stage as the first stage 
of a turbine will permit the nozzle-governing of a large portion of the 
energy to the turbine. This is more efficient than to throttle the steam 
supply at part load. If there is use for the 
entire amoimt of the exhaust steam of a tur- 
bine, its thermal efficiency is not important. 

Under these conditions, the use of one or more 
Curtis stages results in a compact turbine. 


Blade Exit Angles and Blade 
Heights. — ^As was discussed in the previous 
article, blade outlet angles are made smaller 
than the blade inlet angles in order to obtain 
higher blade efficiency. The limiting factor on 
the extent to which the outlet angle may be 
decreased is the area required for the flow of 
steam. The effective area for flow at the blade 
exit equals the product of the blade height h 
and the effective vddth of the blade passage. 
As indicated in Fig. 10-13, the effective width 
equals (p sin y—t) where p equals the blade 
pitch, 7 is the blade outlet angle, and t is the 
blade exit thickness. Therefore, the effective 


Blade 

Exit 

Height 

1 



Fig, 


exit area is h(p sin 7 — 0- 
the specific volume at blade exit. 


10-13. Dimensions at 
Blade Exit 


Wv 


The required exit area is A=:p^, where v is 

1 iK 


By equating the effective area to the 
required area, the minimum blade exit angle may be determined. 


Example 10-5 , — Steam leaves a row of nozzles at 80 psia and 320 F and with a 
velocity of 1800 ft per sec. The nozzle exit angle is 14°. The nozzle arc is 9 in, in 
length. The blade pitch is 0.75 in., the blade exit height is 2.0 in., and the blade thick- 
ness at exit is 0.02 in. The blade speed is 650 ft per sec and the blade velocity coefficient 
is 0,89. The steam flow is 8 lb per sec. Calculate the minimum blade exit angle. 

Solution, 

Vni^ViVi cos «-F6 )=+(Fi sin a)==V'l097=+435= 

= 1180 ft per sec 

and = 0.89(1180) — 1050 ft per sec 

The blade reheat is 


VRi-rk 

2gJ 


1180— 1050> 
50,000 


= 5.8 Btu per lb 
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stage equals 1314 7— ^^^- = 1207 2 Btu, and the pressure as determined by use of a 
MoUier diagram or the Eliea-ftood Charts* la 101 psia 

The stage reheat equals (1—0 65)— ^ - - °° 36 3 Btu Then the enthalpy at stage exit, or 
ht, 13 12072 +36 3=1243 5 An isentropip expansion from point 4 to a pressure of 
25 psia shows an enthalpy at point 5 of 1130 Then the isentropic enthalpy drop in the 
second stage equab hi —ht = 1243 5 — 1130 0 = 1135 Btu This differs somewhat from 
the allocated isentropic enthalpy drop in the first stage of 107,5 Btu 




the isentropic 
97 psia 


Fig 10-15 Diagram for Example 10-6 

The sum of the isentropic enthalpy drops for the stages is 107 5»“22I 0 Btu 

If half of this quantity is put in the first stage, the enthalpy at the ‘ ‘"'"♦"'™c 

expansion, or ht , equab 1314 7 — — g - =1204 2 Btu The pressure eq] 

As a check on the available energy in the second stage, proceeji as before The 
first stage reheat equals (1 — Btu Tne enthaVpy 
13 120.1 2+38 7 = 1342 9 Btu Isentropic expansion from pouitr4' *o 2o psja jbiw# a 
final enthalpy hi =1132 and the isentropic enthalpy drop for the second stage, 
hi -hi, 13 1242 9-1132 0=110 9 Btu. This is sufficiently chose to the 
enthalpy drop of 1105 Btu m the first stage Thus, the properl pressure at exit oi 
first-stage nozzles is 97 psia ' 

In case the reheat factor, wmeu ciiuaus 
previous experience, then point 2 could have been located ml the following manner 
hi « 1314 I20.1 2 Isentropic expansion from fl/jint 1 to enthalpy of 

* ^ AaJ 

1204 2 shows a proper pressure of 97 psia 


ozzles IS 07 psia 1 

the reheat factor, which equab x °l 027, was kfaown ahead of time by 


See Chapter C 
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The Reaction Turbine. — As shoT^n in Fig. 10-7 and Fig. 10-8, 
and as discussed in Art. 10-2, the reaction turbine consists of both moving 
blades and stationary blades. The passages between the blades are so 
shaped that they form convergent nozzles. Thus, there is a pressure drop 
of the steam in the mo^dng-blade passages as well as in the stationary- 
blade passages. This means that two actions are going on simultaneously 
in the mo\dng-blade passages. One of these, the pressure drop, tends to 
increase the velocity; the other, the conversion of kinetic energy into work, 
tends to decrease the velocity. This dual action makes the analysis of the 
reaction turbine a httle more involved than that of the impulse turbine. 



Fig. 10 - 16 . Vector Diagram for Group of Reaction Blades 

The analysis of the reaction turbine may be simplified by selecting a 
group of stages made up of similar blades (z.e., all blades have the same 
inlet angles and all blades have the same outlet angles) . The blade heights 
will increase in direct proportion to the increase in specific volumes caused 
by pressure drops through the stages, and yet the changes in blade heights 
will not be sufficient to cause an appreciable increase in the mean blade 
velocity. Under these conditions, a vector diagram such as that in Fig. 
10-16 may be dravTi for the group. Steam leaves a mo\dng row of blades 
with an absolute velocity Fo. As the blade rows are close together, it may 
be assumed that the steam enters the stationar}’' row with the same velocity, 
F 2 . Because of the pressure drop, steam leaves the stationary row and 
enters the mo\mg row with the greater absolute velocity, Vi, 

The relative entrance velocity Vm may be found in the same manner 
as for impulse blades. The pressure drop in the mo^dng row causes the 
steam to leave with a relative velocity Vr 2 and an absolute velocity 
By comparing the two triangles, because of equality of the blade angles and 
of one side, T^6, it may be seen that the two triangles are equal. Hence 
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the statement may be made that the relatn e velocitj IV of the steam 
leaving the moving rov\ equals the absolute \elocity Vi of the steam Iea\- 
Kig the stationary row, and the relative velocity Vm of the steam entering 
the movmg row equals the absolute velocity Vz of the steam lea\mg the 
movmg row and entering the stationary row 

Consider now a stationary row Losses in the clearance space bemg 
neglected, the kmetic energy entermg this stationary rowis^rBtuperlb 

If there is no loss m the blade passage, this kmetic energy will be earned 
through the stationary row and mil appear at exit Actually, because of 
losses m the blade passages, the carry-over of this kinetic energy is not 
perfect That portion of the entermg kinetic energy vhich is carried 

through the stationary blade row is Cco Btu per lb, where <co is the 

carry-over efficiency In addition to the kinetic energy carried through 
the stationaiy row, kinetic energy is set up by a pressure drop, so that the 

yi 

total kmetic energy at the exit of the stationary row is Btu per Ib Of 

yj 

this, the amount Cco Btu per lb was carried through the stationary row 

Vi^-tco TV 

from the previous movmg row and the remamder, which is 

Btu per lb, was set up by nozzle action (i c , a pressure drop) Because of 
equably of triangles, it may be said that an equal amount of kinetic energy 
IS set up by nozzle action m the moving passages 

Because of imperfect nozzle action, the kinetic energy actually set up 
is less than the theoretical energy , which is the isentropic drop between the 
given pressures The ratio of the kmetic energy actuallj set up to the 
theoretical energy is called the nozzle efficiency * Tliese statements maj 
be expressed in equation form as follows 

The kmetic energy set up by nozzle action, per row, is 


liinetic Energy Set Up 


TV 

2gJ 


{yb-t') 


(10-7) 


The isentropic enthalpy drop, per row, is 

Isentropic Enthalpy Drop-- * 
wbere i 7 „ is the nozzle efficiency 

•This also means that nozzle efficiency is the ratio of the actual enthalpy dmp to 
the theoretical drop caused by nozzle action This defoition which “ m 

in reaction turbine work, is the same as the restneted definition given f 
equation 9-ia 
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Since the relative velocities in and out of the moving row are the same 
as the absolute velocities in and out of the stationary row, the enthalpy 
drops in the moving row are the same as those in the stationary row. 
Because of this, the enthalp}’' drops per reaction stage are tvice those per 
row which are given in equations 10-6 and 10-7. 

The work of a reaction stage can be found in the manner described 
for the impulse stage. Thus, the work in fl^lb per lb is 

{Vri cos P+Vr 2 cos (x)Vb _ (7i cos ot—Vh+Vi cos a)Vb 

^ g ~ g 

^ (27i cos a —76)1^6 

or \Vk= 

g 


To find the value of Yb for maximum work and maximum efficiency, 
the procedure is as follows: 


or 


di2Vi cos a--Vb)Vb 

g 


=27i cos a— 276=0 


76 = V\ cos a 


Thus, for mnxitrmm efficiency with a given blade speed, the steam velocities 
in a reaction turbine are one-half those in a Bateau turbine. Because of 
this, the enthalpy drops per Bateau stage are twice those of a reaction 
stage for the same conditions. Hence, there must be manj^ more stages 
in a reaction turbine than in a Bateau; and the fact that blade speeds are 
low in a reaction turbine means even more stages. However, as reaction 
stages are compact, the ratio of the size of the reaction turbine to that of 
the Bateau does not depend directlj’’ on the number of stages. Because 
of the low velocities involved, the efficiency of the reaction-turbine blading 
tends to be high and approaches the theoretical efficiency, which is cos- a, 
more nearlj’' than does the Bateau stage. 

As a result of the difference in pressure existing across the blades, there 
tends to be a flow around the blade tips. Although methods have been 
found to minimize this flow, the leakage around the blade tips may be a 
serious proportion of the total flow when the blades are short, as they are 
in the high-pressure end of the turbine. For this reason, a two-row Curtis 
stage is often used as the first stage of a reaction turbine, as all the steam 
must flow through the blades. In addition, the Curtis stage has the 
advantages that were mentioned pre\'iousl3^. 

Example 10-7 , — The blade speed in a reaction turbine is 400 ft per sec. The nozzle 
efficiency is 90% and the carry-over efficiency is 60%. The ratio of the blade speed to 
the steam speed is 0.8. Calculate the blade work per pound of steam and the combined 
nozzle and blade efficiency, if the blade outlet angles are 20®. 
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Soli^ton —In Fig 10-16, Fi =-^ = 600 ft per sec Then, 

Vt - Vsi - V(500 cos 20“-400)’+{500 ein 20“)* 

- V70*+171*.= 185 

The blade work per lb is 
m cos a-76)+(rji, cos 

[(500 cos 20" -400) +{500 cos 20'’)]^ =6700 fUb Ans 



S 

Tig 10-17. h-S Diagram for Turbme Stage 


The isentropic enthalpy drop per stage, from equation 10-7, equals 


^Vl- 


■=2X' 


500’-0 6(185)* 


7I»(2!7J) 09(50,000) ‘ 

The combined nozzle and blade efficiency equals 

Blade Work 6,700 


>10 2Btu per lb 


Isentropic Lnthalpy Drop 10 2 X 778 


10-8. Steam-Turbine Performance. — ^The efficiency of the nozzles was 
discussed in Chapte” 9, and that of the blades was considered m this 
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chapter, iJae wheels, on winch the bhdes nre mounted, must rotate in 
the s^eani ^ch. surroonds them. This action between the wheel and the 
steam consonies some of the energy delivered to the wheel by the blades, 
partiailaxly when the steam is dense and the peripheral velocity of the 
wheel is high. Tne energy delivered by the whek to the shaft is the stage 
output: the su mma tion of stage outputs is called the internal turbine 
output. In Fig. 10-17 is shown an h-S diagram of a turbine staae (or a 
sinde-stage impulse turbine) with the energy quantities labeled. Some 
of the energy delivered to the shaft is lost in the turbine bearings and also 
in driving the oil pump and the governor; the remainder is delivered bv 
the turbine and is known as the shaft output. The mechanical eSciencv 
of a turbine is the ratio of the shaft horsepower to the internal horsepower. 
For a steam turbine, this is very high, being generally close to 99% except 
for sTnall steam turbines. 



Fi^. lO-lE. Perfcnzarce Crrve for Stearr 
Turbo-Gererator 

In Fig. 10— IS is shown a typical performance curve for a large con- 
densing steam turbo-generator. The thermal eSciency of a turbine falls 
at light loads. At li^t loads, there is a large degree of over-expansion 
in the nozzles. At part load, the ratio of blade speed to steam speed in 
the blades is not proper; in addition, the steam will enter the blades at the 
wrong an^e, with an attendant loss in eSciency. It is to he noted that at 
33,500 kw there is a break in each of the curves. This occurs because the 
overload valve starts to opei at this point. 

Just before the overload valve starts to open, there is full steam flow 
through the nozzles of the 6rst stage. Because the area of the second- 
stage nozzle exceeds that of the first stage, it follows that, if boiler steam 
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decreased in volume) For such cases fans ser^e the purpose of moving 
the air to the desired location In other cases particularly in drying 
Hork, there is appreciable resistance to the flo\\ of air and a compressor of 
some sort is required to build up sufficient pressure to o\ ereome the resist 
ance to flow 

Compressors are widely used in industry to create and maintain ^acvla 
ranging from one at a pressure slightly below atmospheric to almost a 
perfect vacuum Gas compressors are essential m the liquefying of gase^ 
as the first step in the common method is to highly compress the gas 
Compressors, knowTi as superchargers are u^^ed e\ten‘^i\ely to increase 
the power output of internal combustion engines bj forcing more charge 
into the cyhnders 



Fig 11-2 P V Diagram oi Compressor Without Clearance 

1 1—2 Classification — Compressors may be classed as reciprocating, 
rotary, and centrifugal compressors The rotating and centnSugsl com 
pressors will be discussed m a later article 

Keciprocatmg compressors are generally used for pressures aboie 40 
or 50 psi gage For pressures aboie 80 to 100 psi gage it is common 
practice to carry out the compression in two, three, or eien four steps 
(called stages) 

There are many possible arrangemt^^^fs of the compressor cylinders, m 
true of steam engine cylinders (See lanous cjhnder arrangemen s 
wpendix ) 
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Most gas compressors are double-acting, although some very small 
compressors and some multi-stage compressors are single-acting. A single* 
stage, double-acting compressor is sho^m in Fig. 11-1. 



{CourtesT/ of Worthington Pump «1 MaUnnerg Corp.) 

Fig. 11-3. Pres sure- Ope rated Bischarge Valve 

11-3. Compressors Without Clearance. — If an air compressor ha\dng 
no clearance is considered, the analysis is simplified as all the air com- 
pressed is delivered. Fig. 11-2 shows a theoretical P-F diagram for such 
a compressor. Air is drawn into the cylinder, as indicated by line 0-1. 
Compression takes place from 1 to 2. At point 2, the discharge valve 
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opens, and air is pushed out of the cylinder until the end of the stroke at 
point 3 As the piston starts its forward stroke again, the discharge i ahe 
closes and the inlet valve opens It should be noted that most compressor 
valves are pressure operated Common valves consist of thin plates of 
steel held m place on their plates by springs Such a valve is shown 
schematically in Fig 11-3 The valve shown is a discharge %alve The 
valve plates remain on their seats until the pressure in the cylinder becomes 
sufficiently in excess of the pressure in the discharge line to overcome the 
slight spnng pressure acting on the valve plates Thus, the position of 
point 2 on the compression hne in Fig 11-2 depends on the pressure m the 
discharge line 

The nature of the compression hne depends on the design and operation 
of the compressor One extreme theoretical case is that of isentropic 
compression, the other extreme is the isothermal compression In the 
actual case, when httle heat is removed during the compression, the 
exponent for the compression curve may exceed that for the isentropic 
compression 

Using the general case of polytropic compression, the net cycle work, 
which IS the summation of the work of the individual processes, equals 

Pi(7,-Fo) 

As Vo and Fa are 0, the net work is 
\vk= 


From this, the net cycle work for polytropic compression is 

Wk=^(PiFi-PsF2) (II-J) 

To avoid the necessity of solving for Fj, it is desirable to eliminate 
that volume from the equation This may be done as follows 
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Then the net cycle work is 

(n-2) 

In the case of isothermal compression, Pi7i equals PaFz and the net 
cycle work reduces to the work of compression. Then the net cycle work 
for isothermal compression is 

Wk^PrV,log.(^^ ( 11 - 3 ) 

These expressions for net cycle work also may be derived by integrating 
the area 0-l-2'3 on the P-V plane in Fig. 11-2, or by finding fV dp. 



Fig. 11—4. Comparison of Isentropic and 
Isothermal Compression 


The net cycle work can be materially reduced if the air is cooled during 
its compression. Fig. 11-4 shows both isentropic and isothermal com- 
pression for the same range in pressure, the sa^dng in work by using 
isothermal compression being indicated by the cross-hatched area. 

The isothermal compression, while desirable, is difficult to approach — 
let alone to attain. The air is normally cooled by surroimding the cylinder 
with a water jacket. Although compressors run at relative!}^ low speeds, 
still the time used during compression is so short that little heat transfer 
can take place. Thus, the exponent for the compression line of a water- 
jacketed air compressor seldom is less than 1.3 and generally is -closer to 
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1 36 Some attempts have been made to cool with v, ater injection dunng 
the compression, but mechanical difficulties have prevented the common 
use of this method 

Example 11-1 — It IS desired to compress 600 cu ft of air per nun at 14 0 psia and 
70 F to 90 0 psia Calculate the theoretical horsepow er required if the compressioa is 
(a) isentropic, (h) isothermal, (c) polj tropic w ith n equal to 1 35 

Solution — (o) From equation 11 — 2 the isentropic horsepower required is 


izign. 


1 4 (144) (14 0)(500)r, /'90\» 0 
‘0 4 33 000 L {hJ J 


= — 752 hp Alls 


The negative sign indicates that the n ork is done on the air 
(6) From equation 1 1-3 the isothermal horsepon er required is 


PiFilog.J^’ ^PiFjlog.^ -144(14)(500) log. 
33000 ^ 33 000 SpOO 

(c) From equation 11-2 the poly tropic horsepower required is 


-568hp 





JTig 11-5 P V Diagram for Compressor W ith Clearance 




11 - 4 , Compressors With Clearance — For constructional reasons, an 
air compressor must be designed with clearance In Fig n'5 is shown a 
P-V diagram for a compressor with clearance Compression 
point 1 iM continues until the pressure in the cylinder, at point 2 oxccwis 
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the pressure in the discharge line, causing the valve to open. Discharge 
of air takes place between points 2 and 3. As the piston starts to move 
back after the discharge, the drop in pressure in the cylinder causes the 
discharge valve to close. The clearance air expands imtil the cylinder 
pressure, at point 4, drops below that in the suction line. At this point, 
the inlet valve opens and air is dravui into the cylinder between points 
4 and 1. 

The net cycle work of a compressor vdth clearance is area 1-2-3-4 in 
Fig. 11'5- This area equals area 1-2-3'^' minus area 4-3-3 '-4'. By 
following the method in Art. 11-3, it is found that 

Area 

and 

Area4-3-3'-4'.j^P.7,[l-(|j)-] 

The values of n for the compression and expansion parts of cycles 
generally are not the same. However, particularly with a small clearance 
and a low pressure range, area 4-3-3'-4' is such a small per cent of the area 
1-2-3 '-4' that its value need not be determined accurately. For simpli- 
fication, the two values of n are assumed to be equal. As P 3 — P 2 and 
P4 =Fi, the net cycle work is 

(i«) 

By comparing equations 11-4 and 11-2, it may be seen that there is 
only one difference, the term Vi in equation 11-2 being replaced by the 
term (Fi— F4) in equation 11~4. The term Vi in equation 11-2 represents 
the volxune of air dravTi into the cylinder, measured under cylinder condi-^ 
Hons, Likewise, the term (^1—^4) in equation 11^ represents the volume 
of air drawn into the cylinder, measured under cylinder conditions. Thus, 
it may be said that, theoretically, the horsepower required for a com- 
pressor with clearance is exactly equal to that without clearance, when the 
amounts of air drawn into the cylinders occupy equal volumes under the 
same conditions. 

11-5. Volumetric Efficiency. — It is desirable for an air compressor to 
deliver the maximum amount of air possible for a given piston displace- 
ment. Theoretically, the compressor should draw into itself a volume of 
air, measured under conditions approaching the compressor, equal to the 
piston displacement. Furthermore, the compressor should compress and 
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deliver all of this air There are se\eral reasons why the compre<?sor does 
not deliver the amount of air it should Some of these are 

(1) The clearance air expands and takes up part of the piston displace- 
ment, leaving less room for the incommg air 

(2) Pressure drops in the mtake system cause the air to expand, thus 
decreasing the amount of air drarni m 

(3) The warmer cylinder walls may heat the incoming air slightly, 
causing a small expansion of the incoming air 

(4) Air leaks from one side of the piston to the other side 

(5) Air leaks around the piston rod to the outside 



A measure of the effectiveness of a compressor in dehvenng air is its 
volumetnc efficiency Volumetnc efficiency is defined as the ratio of the 
volume* of the dehvered air, expressed under conditions approaching the 
compressor, to the piston displacement of the compressor 

A compressor commonly draws air from the atmosphere The atmos- 
pheric air approachmg the compressor is called "free air” For com- 


• Some authonties express volumetnc efficiency in terms of i^ights noff evT r 
it IS felt that as volumetnc efficiency infers a volumetnc quantity, it should be expres. 
m terms of volumes. 


Gas Compressors 


197 


pressors drawing air from the atmospherej the volumetric efficiencj^ 
becomes the ratio of the volume of free air delivered to the piston displace- 
ment. (The term ^S'olume of free air delivered” means that volume of free 
air which is compressed and dehvered.) 

As indicated on the P-V diagram in Fig. 11 - 6 , Vi represents the total 
cyliuder volume: Vz is the clearance volume, designated as C; and the 
piston displacement, which is abbre\nated P.D. in the following explana- 
tion, equals — Vz- The clearance volume may be conveniently expressed 
as a per cent of the piston displacement. Since the inlet valve is open from 
point -1 to pomt 1 , air is drawn into the cylinder during this part of the 
cycle. Hence, the volmne of air drawn into the cylinder, measured 'under 
cylinder conditions, is equal to the difference between the volumes at point 1 
and point 4, or K leakages are neglected and it is assiimed that 

the specific volume of the air does not change as the air comes into the 
cj’linder, the theoretical volumetric efficiency may be determined from the 
relation 

Theoretical Volumetric Efficiency " (11-5) 


This theoretical volumetric efficiency is often called the clearance factor. 
Its value depends on the physical dimensions of the compressor and on the 
pressures under which it is operating. 

In an actual compressor there are pressure drops through the valves 
and there may be a measurable heating of the incoming air by the warmer 
cylinder walls. Both of these actions cause the air to expand as it comes 
into the cylinder. As a result a smaller amoimt of outside air occupies 
the space V 4 in the cylinder. This condition therefore decreases the 
volumetric efficiency. The air volume in the space Vi — Va can be corrected 
to outside conditions by the simple relations of pressures, volumes, and 
temperatures. Thus, the maximum volumetric efficiency (i.e., the volu- 


metric efficiency without leakages) equals 

jMaximum Volumetric Efficiency = 


V1-V4 PiTo 

P.D. PoTi 


( 11 - 6 ) 


where the subscript i refers to conditions in the cj^linder at the end of the 
suction and the subscript 0 refers to conditions when the air is approaching 
the compressor. 

Example 11-2 . — Calculate the theoretical volumetric efficiency of a compressor 
receiving air at 14.2 psia and discharging it at 107.4 psia. The compressor has a clear- 
ance volume of 4 per cent of the piston displacement, there is a pressure drop of 0.4 psi 
through the suction valves, and there is a pressure drop of 3.0 psi through the discharge 
valves. Neglect the heating effects during suction and take the value of n for both 
compression and re-e.ypansion as 1.35. 
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Solniion — Refer to Fig 11-6 From the drita, 

P4= 14 2-0 4 = 13 8 p«ia, and P, = 107 4+3 = 110 4 psia 
Also the total cylinder volume T i is equal toPI>+0 04PD=l(M PD , and the 
volume W occupied by the expanded clearance air, as determined from the volume and 
pressure at point 3 is 

r<“F*(^)''=0 04 P D “-0 1S66 P D 

The volume inside the compressor cjlmder that la occupied by the mcommg air 
IS equal to 

Vi-V*=104PD -0 1866 P D =0 8534 P D 

The volume of the free air taken m is computed by converting this air volume to out 
side conditions Thus it is 

0 8534 P D =0 829 P D 

Since the volumetric efiBciency is the ratio of the volume of free air delivered to the 
piston displacement 

0 8‘’9 P D 

Maximum \olumetnc Efficiency = — or 82 9% Ans 

Any leakage will make the actual volumetnc efficiencj less than this 

"lArll-G Mulb-Stage Compression — ^As was pointed out in Art 11-3, 
a small savmg m work may be made bj "nater-jackelmg the compressors. 
In addition, water jacketmg presents the di'scharge temperature from 
nsing to as high a \ alue as it w ould othennse Howev er, when the air is 
highly compressed, particular!} if the compressor is large, the discharge 
temperature will be so high that the lubricating od may possibly vaporize 



Fig 11-7 Lme Diagram for Compound Compressor 


and explode To prev ent this, in high pressure compressors, the air is 
removed after partial compression and put through an mtercooler The 
intercooler is generally a cjlmdncal shell contaimng manj small tubes 
through which water is circulated The air flowmig over the outside of 
the tubes becomes well-cooled, as there is much beat transfer area After 
it leav es the mtercooler, the air is further compressed In case the air is 
to be compressed to pressure^ of about 500 psi or higher, three or more 
stages of compression may be used, vMth intercoolers between the vanoiis 
stages 
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In Fig 11-7 IS shown a line diagram of a two-stage air compressor 
(common! j called a compound compressor) Also, in Fig 11-8 is ^hown 
the P-V iagram for a compressor without clearance and m Fig 11-9 b 
shown the T-S diagram, both bemg numbered to agree ^ith the hne dia- 
gram By coolmg the air, its \olume is so decreased that the work of the 
high-pressure cjlmder is reduced Area 2-4'--4-3 m Fig 11-8 (c) shoaa 
the <5avmg in work due to the use of an intercooler 

The work required \anes with the intercooler pressure The \alue of 
the mtercooler pressure for minimum work may be found as follows 
The total work of the two stages equals WT».l p p , or 

In the theoretical case it is assumed that there is perfect mtercoohng 
(i e , the air is cooled down to the temperature at which it entered the 
low pressure cylmder) In this case, Ti= Ti and PjF 3 =PiFi Further- 
more, in the theoretical case it is assumed that there is no pressure drop 
through the intercooler (i e , Pj=P 2 ) Under these conditions, the total 
work is 







The total work \ anes as the quantity 1 ' 

this quantity decreases, the work also decreases To ascertain the \alue 
of the mtercooler pressure Pj for mmimum work, it is necessai^ to diSerea 
tiatc this quantity with re'T>ect to the \ anable Pi and equate the dcmatne 
to zero Thus, 

dP. 

Sohung this expre^'^ion for P., we obtam 


(11-7) 
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For this value of Pg the same amount of work is done in each of the two 
stages. It may be shown that, for a three-stage compressor, the proper 
low-pressure intercooler pressure P2 is 

(ll-7a) 

and the high-pressure intercooler pressure P2' is 

P2' = </T^I (ll-7b) 

Example 11-3 . — It is desired to compress 500 cu ft of air per min at 14.0 psia and 
70 F to 140 psia. Assume the value of n for the compression process to be 1.35. Also 
assume the proper intercooler pressure for minimum work and perfect intercooling. 
Calculate the theoretical horsepower required with compound compression and com- 
pare it with that for single-stage compression. Calculate also the maximum tem- 
peratures in the two cases and the heat to be removed in the intercooler per minute. 
Solution . — From equation 11-7, the intercooler pressure is 

(140) =44.3 psia 

Based on this value of P2, the horsepower of the low-pressure cylinder equals 
, _ n Pi7i f, 

n-l 33 ,OOoL^ V-P'/ J 

0.35 

1.35 (I44)(i4)(500) r _ ^ 

0.35 33,000 L \14.0/ J 

The total horsepower is —2X41.0= —82.0 hp for compound compression. Ans. 

An alternate solution for compound compression follows: The expression for the 
work of compound compression is 


1 - (pj)"- '] - ©■■ '] 

When the value y/P\Pi is substituted for P2 and the result is simplified, the horsepower 
for compound compression becomes 

2n PrVrF. fPA^l 2(1.35) (144)(14)(5{)0)r /HOX^ol no . hn 

^3p0oL^-(p;) J—OSS 33.006— J--82-0hp An.. 

For single-stage compression, the horsepower equals (refer to Fig. 11-8) 

n r _1:35 (144)(14)(500) r /140\^h _ _ , 

^gpOoL^^V"^/ J"0.35 33,000 L U4 J" ^ 

For compound compression, the maximum temperature is 

r,=rj=r.(^)“=(460+70)(j||)^=714 R, or 254 F 

p, \pj 


Ans. 


Ans. 


♦ In general, stage pressure ratio = ( p ■ ) 

initial ' 


/ Pfinal \number of stagca 


and 
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For single-stage compression the maximum temperature is 
R, or 502 P 

The heat removed in the intercooler is Hj— H,!=Trcp{ri— Ti) 

17= Weight of air per '35 Til 

i. RT 53 3(460 

Heat removed = 35 7(0 24)(2o4 -70) = 1 57o Btu per mm 


11—7 Compression Efficiency, Mechanical Efficiency, Compressor 
Efficiency ^The indicated horsepon er (horsepower deh\ ered by the face 
of the piston to the air) of the actual 
compressor differs from that of the ideal 
compressor, e\ en for the same a alue of 
n, for the follomng reasons 

(а) Suction and discharge proce'Ses 
are not constant pressure ones 

(б) There are leakages in the actual 
compressor 

(c) The \ alue of n for the expansion 
process may not equal that for 
the compression process 
For these reasons, it is difficult to 
predict the actual indicated horsc- 
pow er of a compressor The indicated 
horsepower of the compressor maj be 
predicted if the so-called compression 
'KW ^ Tta .3 delmed 

as follows 

Compression Efficiency (1J"S) 

There are as many theoretical horsepowers as there are xalucs of n 
For reciprocatmg compressors, particularly those that are water jacketed, 
it IS possible to use the isothermal horsepower as the theoretical horse- 
power In this case, the compression efficiency is termed the tsolhemal 
comjn'esston efficiency WTien dealing with rotary and centnfugal com- 
pressors, m wffich the air passes through the compressor so rapidly that it 
loses little heat, it is customary to use the isentropic horsepower as the 
theoretical horsepower In such cases, because of the irre\ ersibihty of the 
compression process, there is an increase in entropj during the compression 

See Fig 11-10 For such compressors, the comprejision efficiency should 
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be termed the iseniropic compression efficiency. By common usage, how- 
ever, it is termed — incorrectly — the adiabatic compression efficiency. If 
the compression is adiabatic, it is seen by application of the steady-flow 
equation that the work input equals the difference between the enthalpies 
entering and leaving the compressor. Under these conditions, the adiabatic 
compression eflSciency equals the ratio of the isentropic change in enthalpy 
to the actual change in enthalpy for the same pressure range. 



Fig. 11-11. Sliding- Vane Rotary Compressor 

Because of mechanical losses in the compressor, the shaft horsepower 
input must exceed the indicated horsepower. The measure of the per- 
fection of the compressor in transmitting mechanical energy is its mechani- 
cal efficiency. In general, the mechanical efficiency is the ratio of the 
mechanical output to the mechanical input. For an air compressor. 

Mechanical Efficiency (11-^) 

From equations ll-S and 11~9, the product of the compression efficiency 
and the mechanical efficiency equals the compressor efficiency. The com- 
pressor efficiency may be either the isothermal compressor efficiency or the 
adiabatic compressor efficiency. Some writers apply the general term 
‘‘engine efficiency” to both turbines and compressors. 

Example 11-4 . — Calculate the shaft horsepower required to compress 300 cu ft of 
air from a pressure of 14.2 psia to a pressure of 150 psia The isothermal compression 
efficiency is 74% and the mechanical efficiency is 88%. 
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Solution — The isothermal horsepower equals 

-PiVt log, -144(14 2)(300) log, 

33,000 ^ 33,000 “ ® 

Shaft hp=^^- -67 3 hp Ans 



Fig 11-12 Roots Compressor 


11-8 Rotary and Centrifugal Compressors — ^As with all typ<^s of 
reciprocating machinery, the \oIume of fluid which can be handled per 
umt of time by a reciprocating compressor is limited In a rotating com- 
pressor, as in most rotating macbmery, there are no reciprocating parts, 
hence, speeds can be high and large i olumes of fluid can be handled per 
umt of time Rotating compressors may be classified as rotary com- 
pressors and centrifugal compressors 
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Two common types of rotary compressors are the sliding-vane type 
and the Roots type. The vane type is illustrated in Fig. 11-11. As the 
rotor is eccentric to its casing, rotation causes the vanes to move in and 
out of their slots in the rotor, centrifugal force holding them against the 
casing. In some types, the vanes may be moved in and out by means of 
an eccentric. For a given compressor there is a definite amount of com- 
pression, because there is a definite change in the volume of the space 
between any two vanes as they are rotated from the inlet position to the 
discharge position. 


P 



L ^ 

Fig. 11-13. P-V Diagram for Roots Compressor 

For conditions other than design ones, the vane type of compressor is 
theoretically less efficient than the reciprocating type. Because of the 
inertia of the vanes, the speed of the vane type is not so high as that of 
some other types; but it is sufficiently high to be able to handle much more 
air than does the reciprocating compressor of the same bulk. There is a 
tendency toward air leakage around the vanes and toward excessive 
friction between the vanes and the rotor and between the vanes and the 
casing. In spite of these drawbacks, the vane type is used to a large 
extent for compression of air in amounts up to 2,000 cfm and for pressures 
up to 30 psi gage or a little higher. 

The Roots type of compressor is illustrated in Fig. 11-12. Air is 
trapped between the impeller and the casing, and is carried around and 
discharged. Since there is no change in the volume of the space between 
the impeller and the casing, the air is not compressed as it is carried around. 
When the top edge of the impeller passes the edge of the discharge space, 
back flow of air from the discharge line vdll occur, until the pressure in the 
space between the impeller and the casing reaches the discharge pressure. 
As this building up of pressure occurs at a constant total volume, the P-V 
diagram for the Roots type of compressor is rectangular, as indicated in 
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Fig 11-13 * Here, area 1-2-3-0 represents the work required for the 
Roots type of compressor, and area 1-2 -3-0 represents the work for the 
reciprocating type of compressor As the Roots type of compressor is used 
for low pressures (t c , up to 10 to 15 psi gage), the excess of Tvork of the 
Roots type compared with the reciprocating type is not a senous drawback 
The Roots type is used extensively for comprcssmg moderate to laige 



quantities of au- to low pressures It is used to 
a large extent for superchargmg diesel engines 
All the compressors discussed thus far have 
been of the so-called positive displacement type, 
that IS, a volume of air is trapped and, leakages 


being neglected, all of it is pushed out by a definite movement of a part of 
the compressor A non-positive displacement type of compressor is the 
centrifugal compressor A single-stage centrifugal compressor is «hown ui 
Fig 11-14 By centnfugal action air is whirled from the center outward, 
more air coming to the void created Some pressure is built up by centn 
ugal action Additional pressure is obtained when the high-\elocity air 
leaving the rotor is slowed down m a nearly reversible manner m the sta- 

‘ The rectangular card la a theoretical P-V diagram Inertia and throttlmg effects 
modify the actual diagram somewhat 


Gas Compressors 


207 


tionary part of the compressor. As high peripheral speeds are essential to 
build up an appreciable pressure, the rate of flow is high and large volumes 
are handled in a small space. In Fig. 1 1“15 is shovm a multi-stage centrif- 
ugal compressor which may be used to obtain pressures as high as 30 to 35 
psi gage, or even higher. Centrifugal compressors have a vide field of use, 
from supercharging aircraft engines to suppl^dng air for blast-furnace work. 
'UTien a centrifugal compressor is carefuUy designed and is operated imder 
design conditions, its compression eSicienc3’' is high. 

For suppljdng air for combustion in connection vdth gas turbines, axial- 
flow compressors are generally emploj^ed. These may be of either the 
positive or non-positive displacement tj’pe. “WTien axial-flow compressors 
are carefully designed, their compression efficiency exceeds that of the cen- 
trifugal compressors. For additional discussion of these compressors, see 
Chapter 18. 
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REFRIGERATION 

12-1, Introduction. — Refrigeration is an integral part of our present 
chdlization. One large field of use for refrigeration is that of preser\^ation 
of food. This involves cooling and perhaps freezing the food and keeping 
it at the desired temperature. Another large field of use is the air-condi- 
tioning field. Here refrigeration is used not only to lower the air tempera- 
ture to the desired point but also to dehumidify the air by cooling it to a still 
lower temperature. Refrigeration is also used in the preser\’’ation of 
materials other than foods, in the liquefaction of gases, such as air, oxygen, 
and nitrogen, and in many special manufacturing processes. 

Originally, refrigeration was obtained by the use of natural ice. This 
was not only inconvenient but very inadequate. With the development of 
mechanical refrigeration, the use of natural ice has become insignificant. 

Mechanical refrigeration is obtained by using a system which is 
essentially' a reversed heat engine. Thus, work is brought in from the 
outside and put into the engine. This enables the engine to abstract heat 
Qr from the cold body (z.c., the place where refrigeration is desired). This 
heat taken from the cold body, together with the energy introduced in the 
form of work, is delivered to the hot body as Qh- The operation of tins 
sj^stem is exactly the reverse of that of a heat engine, which takes heat from 
the hot body and turns part of it into work and rejects the remainder of it 
to the cold body. 

12-2. Coefficient of Perfonnance; Tonnage. — ^A reversed heat engine 
performs two functions at once. It abstracts heat from a cold body and it 
supplies heat to a hot body. This must be true, whether or not it is the 
desire of the operator. Although it is conceivable that a reversed engine 
may be desired for both its cooling and heating effects, normally it is used 
either to produce a given cooling effect or a given heating effect. If the 
desired purpose of the reversed heat engine is that of cooling, it is called a 
refrigerating machine; if the desired purpose is that of heating it is termed 
a heat pump or warming engine. 

Thermal efficiency is used to express the effectiveness of a heat engine. 
The effectiveness of a reversed heat engine is expressed by its coefficient of 
'performance (c.p.). This is defined as the desired effect divided by the 
work required to produce this effect. For a refrigerating machine, as the 
desired effect is the refrigerating effect, the c.p. is: 

209 
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, .. Refrigerating Effect . , 

c P ^ (12-1) 

J 

As the desired effect of a heat pump is the heating effect, the c p is 
Heating Effect 

c P ^ (12 2) 

J 

As the earlier refrigerating machines replaced natural ice, the refngcr- 
atmg effect of these machines was compared mth the refrigeration produced 
by ice The unit settled on was the refrigeration produced by the mcltuig 
of a ton of ice in 24 hours As the latent heat of ice is about 144 Btu per 
pound, a refrigerating machme which could produce refngeration at the 



rate of 288,000 Btu per 24 hours nas rated as a 1-ton machine Thus, a 
ton of refngeration is a rate of production of refrigeration The capacity 
of a machine, m tons, may be determined by di\idmg the refngeration 
produced, m Btu per min, by 200, or dividing the refngeration, m Btu per 
hr, by 12,000, or dividing the refngeration, in Btu per 24 hr day, by 
288,000 

12-3. The Reversed Carnot Cycle —A heat-engme cj cle that is com- 
posed entirely of reversible processes has the highest thermal efflciencj or 
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given conditions. Likewise, if the cycle of a reversed heat engine is com- 
posed entirely of reversible processes, its c.p. will be the highest possible 
for the given conditions. 

When a gas is used for the working substance, the reversed Carnot Cycle 
has the same drawback as does the straight Carnot Cycle, namely, a very 
small quantity of energy per unit of cylinder volume. Nevertheless, such 
a reversed cycle is valuable as an indication of the highest c.p. attainable 
for given conditions. 



Tig. 12-2. Performance of Reversed 
Carnot Cycle 


The reversed Carnot Cycle is shown in Fig. 12-1. Process 1-2 is a 
constant-temperature expansion, with heat picked up from the cold body. 
Between points 2 and 3 the working substance is compressed isentropically, 
until its temperature reaches that of the hot body. Heat is rejected to the 
hot body during the constant-temperature compression, 3-A. The work- 
ing substance now expands isentropically, along path 4-1, until the cold- 
body temperature is reached. 

As the Carnot Cycle is rectangular on the T-S plane, this plane is very 
useful in easily determining the energy quantities involved. In Fig- 12—2 
the refrigerating effect Qb is represented by area 1— 2— 2'— 1', and the heat 
Qh delivered to the hot body is represented by area 3-4-l'-2'. As the 
difference between the heat delivered to the hot bod}” and the heat 
abstracted from the cold body is equivalent to the work input, area 
1-2-3-1 must represent the heat equivalent of this work input. 
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From the T-S diagram, the coefficient of performance of a refrigerating 
machine operating on the reversed Carnot Ci cle is 

cp«^^-= ->Si) , 

m TniSi~S^)~Tt{S,~Si)~TB-TL 

J 

For a Camot^CycIe heat pump, 

"Th-Tl 

In Chapter 5 it was pointed out that in order to ha-ve high thermal 
efficiency there must be a wide range in temperatures In order to ha\e a 
high c p , the reverse is true, the temperature range must be minimized, 
as may be seen by an analysis of equations 12-3 and 12^ With a high 
temperature of SO F, the c p of a Camot-Cycle refngerating machine is 
12 5 when the low temperature is 40 F This c p reduces to 5 75 with a 
low temperature of 0 F, and to 2 0 with a low temperature of —100 F 
This fundamental principle holds not only for the Carnot Cycle but for 
any reversed heat engine 

For a small refrigerating machme, heat may be rejected to the atmos- 
phere For larger units, the heat is normally rejected to coolmg water 
Generally there is little choice available m the temperature of the coolmg 
medium which is to pick up the heat Although a choice of coolmg water 
at the lowest temperature available ivill result in the highest cp, such 
factors as cleanliness and water costs must be considered The low tem- 
perature !Ft depends on the temperature at which refrigeration is desired 
For air-conditionmg work this temperature is relatively high, for the 
production of hquefied gases, much-lower temperatures must be attamed 
Inherently, the maximum c p of a refngeratmg machme depends on the 
use to which it is put 

-^12-4 The Air Refngeratmg System — ^Air as a refngerant has too 
outstanding advantages it is free and leakage will not cause trouble 
Thermodynanucally, it is a poor refngerant and was abandoned upon 
development of refngerants with supenor thermodynamic properties * An 
analysis will be made, howe\ er, to ffisco\ er its thermodynamic limitations. 

In Fig 12-3 is shown a line diagram of the open air system This 
name is applied becau'^e the air flows into the open m the cold room at 
atmosphenc pressure The compressor draws the air from the cold room, 
compresses it, and delivers it to an air cooler As the air flows through t c 
cooler, heat is removed from it, causing a great decrease in its \ o ume 

* Recently, an refrigeration hag been adopted for aircraft-cabin cooling air fro 
the cabin superchargers being used m connection with e'rpan'ion turbines 
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In the ideal case, the pressure remains constant; in the actual case, there 
is a slight pressure drop. As the minimum temperature of the air leaving 
the air cooler must be higher than the temperature of the cooling water, 
the air at the air-cooler exit is at too high a temperature to produce anj" 
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refrigeration. If the high-pressure air is throttled, its temperature will 
drop very slightly. If, however, the high-pressure air is made to do work, 
this work will be done at the expense of its enthalpy and there will be a 
large drop in temperature. This expansion is accomphshed in the expansion 
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cylinder. The air is so low in temperature as it enters the cold room that 
it picks up much heat from the contents of the cold room. 

The theoretical P-V diagrams for both the compressor and the expander 
are shown in Fig 12-4. In Fig 12-5 (a) the P-V diagram of the expander 
is superimposed on that of the compressor, giving the net diagram 1-2-3-4 
The area of this net diagram represents the new work input to the system 
The T-S diagram in Fig 12-5 (h) is a thermodynamic diagram for the 
system as a whole. 

The characteristics of the open air refrigeration system are illustrated 
in the following example. 

Example 12-1 . — Aa open air machine is to produce 5 tons of refrigeration at a 
temperature of 20 F. Cooling water is available at 60 F. Assume standard atmosphenc 
pressure m the cold room. The compressor discharges air at 147 psia Calculate, for 
the theoretical case: (o) the net horsepower required; [b) the c-p.; (c) the piston dis- 
olacement per minute required in the compressor; (d) the piston displacement per 
minute required in the expander 

Solxdion — (a) Refer to Fig. 12-5 The temperature of the air leaving the cold 
room, or U, is 20 F In the theoretical case the air in the cooler may be cooled down to 
the temperature of the coohng water Thus, = 60 F Hence, 

= * -(20+460)(^y*«S27R 


\Pj \14 7) 


As the process in the cold room is one of steady flow, then 

Qa=H,-H* = Trc,(r,-rd 


or the weight of air is 


-w 5(200) 

^^ 024(480-26 SJ^^Q 75 lb per mm 


The heat rejected m the air cooler is 

Qa=i/i-H. = Trcp(r,-r,) = iy75(0 24)(927-520) 

= 1929 Btu per min 

The net work input is the difference between the heat rejected in the 
the refngeratmg effect Or 

^«Oa-Oa=1929-S(200)=929 Btu per nun 


The net horsepower is 


(h) 


929 
42 4°* 


hp 

= 1076 


cooler and 


AnsL 

Atti. 
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Fig. 12-4. Separate P-V Diagrams for Open Air System 
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(c) The piston displacement of the compressor must be large enough to contain 
the air enUnng it This volume is 


„ WRT 19 75(53 3)(4S0) 

* I 144(14 7) — 8 cu ft per mm Ans. 

The piston displacement of the expander must be large enough to contain the air 
tffter Its expansion This ^ olume is 

X, WRT 19 75(53 3) (269) 

* 4 p 144(14 — *133 S cu ft per tmn Ana 

Example IS S — IT«e the reversed Carnot Cycle and calculate the horsepioner and 
the c p for the previous example 


Solution — The work per minute 

The net horsepower is 




S3 3 Btu per min 


cp 


Ans, 


By comparison with the reversed Carnot Cjcle, the cp of the open 
air sj’stem is % eiy low and the hor^epow er required for a gi\ en tonnage u> 
excessit e Although the cj linder v olumes required in the open air system 
are less than those in the Carnot Cj cle, the open air system, nevertheless is 
\ ery bulky*^ The bulk of the system may be reduced hj*^ ncreasing the 
density of the air entenng the compressor and lea\^ng the expander To 
do this, the air is kept in a coil in the cold room and is earned at a pressure 
of se\ eral atmospheres Such a system is known as the dense air system 
The dense air system was used for some time, particularly for manne 
refngeration 

Although less bulky than the open air sy'stem, the dense air system is 
inherently too bulky*^ It also posse^es the drawback of low c p , by the 
V eiy nature of the manner m which it picks up and rejects heat As it 
picks up heat at constant pressure, the temperature of the air entenng the 
cold room must be far below the cold room temperature to keep the weight 
of air circulated and the cylinder volumes down Likewise the tempera 
ture of the air entenng the air cooler must be high This means that the 
ov er-all temperature range in the cy cle is v ery high in comparison to the 
temperature difference between the cold room and the coohng water 


12-5 The Theoretical Vapor Compression System — If the pressure 
of a vaponzing fluid is maintamed at a constant value, the fluid picks up 
heat at constant temperature Likewise, under constant pressure, a 
condensing v apor giv es up heat at constant temperature Thus, if a flm 
IS used which w^ll v aponze under cold room conditions and can be Iique 
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by the cooling water, the mean temperature range in the cycle will approach 
the temperature difference between the cold room and the cooling water. 

The vaporizing temperature of a fluid depends on the pressure exerted 
on it (see Chapter 6). By adjusting the pressure on it, the fluid may be 
made to boil at a temperature close to the desired cold-room temperature. 
As the temperature of the cooling water exceeds that of the cold room, the 
vapor formed in the cold room must have its pressure built up in order 
that it may be condensed and reused. ^Tien the pressure on the con- 
densed liquid is reduced, its temperature will also drop, part of the liquid 
flashing into vapor. Because of this there is no need for an expander.* 



I 


Fig. 12-6. Line Diagram of Vapor Compression System 


A line diagram of the equipment used in a vapor compression system is 
shown in Fig. 12-6. The T-S diagram for the theoretical case is shown 
in Fig. 12-7, which is numbered to agree with Fig. 12-6. In this case wet 
vapor leaves the evaporator and enters the compressor at point 1. Com- 
pression is isentropic and the vapor leaves dry saturated and enters the 
condenser at point 2. The condensate formed in the condenser leaves it 
and enters the expansion valve at point 3. The very wet vapor enters 
the evaporator at point 4. In the evaporator, the liquid part of the very 
wet vapor settles out and is changed into a vapor by boiling, producing 
refrigeration as it does so. Area 4-1-S-7 represents the refrigerating effect 
and area 2~3-5-8 represents the heat rejected. 

^ If an expander is introduced in the vapor system, there will be a small improvement, 
theoretically, in the c.p.; but the operating difficulties will be increased because a liquid 
is fed to the expander. In addition, the bulk of the system will be increased. 
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Example IBS —It i3 desired to furnish 5 tong of refrigeration at 20 F The cooling 
water temperature is 60 F The refrigerant, which is dichlorodifluoromethane (Freon, 
F-12), IS dry saturated at the end of compression and is a saturated liquid entering the 
expansion valve Calculate, for the theoretical ease (o) the horsepower required 
(6) the c p , and (c) the piston displacement of the compressor 



Fig 12-7 Theoretical Vapor Compression System 
With Wet Compression 


Solution — (o) The properties of F-12 are taken from the Appendix For the cycle 
represented m Fig 12-7, 

,Si=S,=0 16741=5,-(l-a;)S/, 

«=0 16949-(l-a;0{0 14166) 
from which l—ii *=0 01468 

Hence, k, =A,-(1 -xOA/.-SO 49 -0 01468(67 94) -79 49 Btu per lb 

As process 3-4 is a throttling process, the enthalpy remains constant, and 
ht=h,=2l 57 Btu per lb 
Since Qa=lf.-H« = TF(h,-A4), 

There being no heat losses the compressor work is 

(hj- W *= 17 27(84^2-79 49) =92 0 Btu per mm 
Then the horsepower w ^ n , 

111=2 17 hp Ans 
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W c.p.=5^^=rl0.87 Ans. 

(c) The specific volume entering the compressor is 

Pi = 1.121 -0.01468(1.1097) = 1.105 cu ft per lb 

The piston displacement of the compressor is 

(1.105) (17.27) =19.08 cu ft per min Ans. 

A comparison of the results of Example 12-3 vdih those obtained in 
Example 12-1 on the open air system shows that the vapor compression 
s^^em is vastly superior to the open air system. Because of the throttling 
action in the expansion valve, the results for the vapor compression system 
are not quite so good as those for the reversed Carnot cycle. 



In the vapor system just discussed, the compression was wholly in the 
saturated region; hence, this is known as wet compression. Operating 
difficulties may be encountered in taking such a wet vapor from the 
evaporator, as the operation there may not be stead 3 \ In this case, prim- 
ing will take place (i.c., slugs of liquid viU be carried out of the evaporator 
into the compressor). Although the compressor is designed vdth a safety 
head, which will be raised in case too much liquid is present during com- 
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pression, and cylinder damage will be pre\ ented, such operation is not 
desirable. For this reason, the hquid level in the evaporator is kept Ion 
in order that there will be much hquid-separating space Furthermore, as 
the vapor is in contact with more surlace, it will receive more heat than 
when a high liquid level is maintamed. To make ccrtam that no apprecia- 
ble amount of liquid can enter the compressor, the liquid level in the 
evaporator is carried so low that the vapor is often superheated upon 
leaving the evaporator. If the vapor is dry or superheated when entering 
the compressor, the compression is said to be dry. 


Example 12~4 —Repeat the previous example, assuming that the vapor is liry 
saturated upon leaving the evaporator 

Solution — (a) As indicated m Fig 12-8, in nhich the points are numbered to agree 
with Fig 12-6, the enthalpy at points 3 and 4 is the same as that mth the wet com- 
pression, namely, 21 57 Btu per Ib From the table in the Appendix, the enthalpy at 
point 1 13 80 49 Btu per Ib and the entropy is 0 16949 At entrance to the condenser, 
or at point 2, the pressure is the saturation pressure for the condensing temperature, 
namely, 72 41 psia, and the entropy is 0 16919 By interpolation, the enthalpy at 
point 2 13 85 92 Btu per lb 


As = 


.p 5(200) 

80 49-2157 


= 16 97 lb per mui 


The compressor w ork is 

TF(A, - A,) =- 16 97(85 92 -80 49) = 92 15 Btu per nun 

and the horsepow er is 

^=2173hp Ana 


(c) As the specific volume entering the compressor is I 121, the piston displacement 
of the compressor is 

16 97(1 121) = 19 02 CM ft per mm Ans 


A comparison of the results of Examples 12-3 and 12-4 shows very 
little difference between wet and dry compression If the compression 
were earned over a larger pressure range, the dry compression being 
thrown further into the superheat region, it would be found that the 
difference between the c p of the wet compression and that of the dry 
compression would be greater, in favor of the wet compression 


12-<5. The Actual Vapor Compression System. — Some of the reasons 
why the actual system differs in performance from the theoretical are; 

(1) The condensmg-vapor temperature must be higher than that of the 
condensing water in order to transfer heat to it. 

(2) The evaporating-hquid temperature must be lower than that of the 
refrigerated body in order to pick up heat from it 



Refrigeration 


221 


(3) The compression is not isentropic, and it may not be close to an 
adiabatic. 

(4) There will be appreciable pressure drops through both the suction 
valve and the discharge valve of the compressor. 

(5) Heat may be transferred into or out of the pipe lines and other 
parts of the system. 

(6) There may be slight pressure drops in other parts of the system, 
as well as through the compressor valves. 

(7) The liquid will be subcooled (z.e., cooled below the saturation 
temperature for the given pressure) in the condenser. 

The effects of some of the more important of these variables will be 
shown by the following examples. 

Example 12-5 , — ^To cause heat transfer in the condenser and the evaporator, 
assume a condensing vppor temperature of 70 F and an evaix)rating temperature of 
10 F. Otherwise, use the same conditions as in Example 12-4. Calculate the horse- 
power required. 

Solution . — From the table in the Appendix, ?i 3=^4 = 23.90, Ai = 79.36, and 
/Si =0.17015. The condensing pressure is Ps =84.82 psia. By interpolation, =87.87 
Btu. 

As QR = W{hi—h^, 

^^ 79 . 3 ^- 2 ^ 90 ^ 

Then the work is 

=18.03(87.87-79.36) =153.4 Btu per min 

and the horsepower is 

f — 3.62 hp Ans. 

It is to be noted that the temperature differences in the evaporator 
and compressor cause a large increase in the horsepower required. If the 
original temperature range had been larger, the temperature differences in 
the evaporator and condenser would not show such a large percentage 
increase in power required. 

Example 12-6 . — Repeat Example 12-5, but take into account throttling through 
the compressor valves by assuming that the pressure at the end of suction is 27.0 psia 
and the pressiire at the end of discharge is 90 psia. 

Solution . — ^As shown in Fig. 12-9, points 1 and 2 are outside the compressor, and 
points 1' and 2' are inside the compressor. In the theoretical case, there is no net change 
in enthalpy during either suction or discharge. The enthalpy at points 3 and 4 remains 
at its value of the previous example, or 23.90 Btu per lb, and the enthalpy at point 
1 remains 79.36 Btu per lb. The enthalpy at point 1' is also 79.36 Btu, and the pressure 
is 27 psia. It is found by interpolation that, for an entropy of 0.1720 and a pressure of 
90 psia, the enthalpy at point 2', and hence at point 2, is 89.02 Btu per lb. As the con- 
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itions m tlie evai»rator remain the same the weight circulated remains at 1803 1b 
per min The work equals ■« lo iw lo 

lF(h,-A,)«18 03(89 02-79 39)-173 6 Btupermin 

and the horsepower is 


173 6 
42 4 


=4 094 hp 


Ana. 


By companson with the previous example, it may be seen that in this 
case the pressure drops through the valves cause an increase in the power 
required of about 13 per cent 



In case the compression is such that there is a high degree of super 
heat at the end of compression, an appreciable saving in the horsepower 
required may be made by water-jacketmg the compressor (In Chapter 
11 this subject was discussed m relation to air compressors ) On the other 
band, if the refngerant is only shghtly superheated at the end of compres- 
sion, little IS to be gained by the use of a water jacket When no water 
jackets are used, there is an increase m entropy dunng the compression 
process by virtue of its irrexersibdity Even when water jackets arc 
used, there may be an increase m entropy dunng compression, as the 
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energy added to the fluid by virtue of piston friction may exceed that 
removed by the jacket. 

The following example is one in which most of the derdations of the 
actual from the theoretical occur. 



Fig* 12-10. Xrine Diagram for Example 12-7 


Example 12-7 . — In a compression system using Freon, F-12, the evaporator pressure 
is 30 psia and the condenser pressure is 90 psia. Freon leaves the condenser at 62 F and 
enters the expansion valve at 68 F. It leaves the evaporator at 20 F and enters the 
compressor at 30 F. It leaves the compressor at 140 F and enters the condenser at 
130 F* The gross tonnage produced in the evaporator (r.e., the useful refrigeration plus 
the heat leakage into the evaporator) is 42.8 tons. The heat lost from the compressor 
convection and radiation is 250 Btu per min. Calculate the horsepower and the 
c.p., and make an energy balance* on the system. The connecting pipe lines are short, 
and pressure drops in them may be neglected. 


iS'olu^tan. — Fig. 12-10 shows a line diagram of the set-up and the corresponding 
TS diagram is shown in Fig. 12-11. Note that the compression line is shown dotted. 
As the pressure drops through the valves are unknown, the terminal points of the com- 
pression line are indeterminate. The dotted line simply connects the state points 
existing outside the compressor. 

From the table in the Appendix, the following enthalpies are obtained: hi =82.15, 
112=96.69, li 3 = 95.0S, /i4=22.03, As =23.42, and /i7=80.73. As QR==i;V(fi7-h), 


* The energy balance on the S 3 "stem assumes that the system is surrounded by an 
imaginary envelope. The energy' passing into the system through this envelope is 
grouped under the heading of “energy in” and the energy passing out from the sj^tem 
is grouped under the heading of “energy out.” As the energy in must equal the energy 
out, if equilibrium is established, the energy balance permits determining an unknovm 
quantity or checking the accuracj' of determinations. 
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The equation of steady flow for the compressor reduces to 
TrAi+^=TFA,+Q^t 

Iq this case 

Wt 

•^ = 149 3(96 09 - 82 15) +250 -2421 Btu per imn 


and the horsepow er equals 


10 hp 


ep 


42 8(200) 
2421 


:3 54 


Ana 


Ans 



Energy Balance 
Energy in (Btu per mm) 

Gross refngeration 
Work 

Pipe hne (condenser to valve) 

Pipe hne (evaporator to compressor) 


(42 8) (200)=* 


. 8,560 
= 2,421 
149 3(23 42 -22 03)*= 207 

149 3(82 15 -SO 73) =» 212 

Total -11.400 
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Energy out (Btu per min) 

Condenser 149.3(95.08 — 22.03) =10,906 

Compressor heat lost = 250 

Pipe line (compressor to condenser) 149.3(96.69—95.08) = 241 

Total = 11,397 

'^12— 7, Units of the Actual System. — The units in an actual vapor 
compression system are the compressor, the evaporator, and the con- 
denser. 



iJCouTtesy of Frick Company) 


Fig. 12-12. Single-Acting, Jacketed Reciprocating Compressor 

Compressors: Refrigerating compressors may be classified as 
(a) reciprocating, (h) rotary, and (c) centrifugal. In the smaller sizes, 
particularly in the household field, the rotary type is used to some extent. 
Otherwise, the compressors are either of the reciprocating type or of the 
centrifugal tjrpe, with the reciprocating type predominating. 

Except in the largest sizes, reciprocating compressors are single acting. 
In Fig. 12-12 is shown a single-acting jacketed compressor. This com- 
pressor, typical of the larger machines, differs from a gas compressor in 
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that the suction valves are located in the piston. This construction makes 
it possible to have a larger discharge-valve area in the cylinder head. 

As the reciprocating compressor cannot handle large volumes, it is 
necessary, when dealing with those vapors which have large specific 
volumes at compressor entrance, to use a centrifugal compressor. Fig. 
12-13 shows the lower half of a centrifugal refrigerating compressor 
having five stages. 

{B) Evaporators: Evaporators may be used to cool gases, particularly 
air in air-conditioning work. Although bare-tube evaporators may be 
used for this work, it is customary to use 
evaporators with tubes of the finned t3^e. 

For refrigeration of liquids, the common type 
of evaporator employed is the shell-and-tube 
type. In Fig. 12-14 is shown a shell-and- 
tube evaporator used as a brine cooler. A 
double-pipe evaporator is sometimes used. 

As the name implies, this type consists of an 
inner pipe containing the refrigerant and a 
surrounding pipe through which flows the 
fluid to be refrigerated. Still another type 
of evaporator is the shell-and-coil type, 
which is illustrated in Fig. 12-15. 

(C) Condensers: In the smaller sizes, 
condensers are usually air-cooled. The air- 
cooled condenser generally consists of finned 
tubes. In the larger sizes, shell-and-tube 
types of condensers are used to a large extent. 

Quite often, the shell-and-tube condenser 
is placed in a vertical position, the bottom 
of the shell acting as a receiver for the liquid refrigerant. In this way 
there is no necessity of having a separate receiver to store the liquid 
refrigerant. Double-pipe condensers and shell-and-coil condensers are 
also used to some extent. Another type of condenser used is the evapora- 
tive condenser. In this type, the vapor to be condensed passes through a 
coil, on which is sprayed water. Air is drawn through the spray to remove 
the water vapor formed as the condensing refrigerant gives up heat. 

^12-8. Refrigerants.* — ^Many fluids are, or have been, used as 
refrigerants. Several of these had certain properties which led to their 
discontinuance, in spite of some desirable features. No refrigerant is 

* A more thorough discussion of refrigerants than is possible here is given in Chapter 
7, Refrigerating Data Bookj 1951, A.S.R.E. 


! 



Fig. 12-15. Shell-and-Coil 
Evaporator 
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perfect in all respects In some fields of ser\ice some properties are 
extremely important, whereas in other fields of service these properties are 
much less important For example, m the “air conditiomng for comfort ' 
field of service, a toxic refngerant must be avoided On the other hand 
the toxic properties of a refrigerant are not particularly objectionable in 
the manufacture of ice Hence, before one can determine whether a 
refngerant is smtable or not by comparing its good and bad properties, it 
becomes necessary to decide first on the use to which the refngerant is to be 
put After the use to w bich the refngerant is to be put is known a decision 
should be made as to the importance of each of the various properties in 
connection with the given field of service 

Some of the properties to be considered are 

(1) Toxicity 

(2) Stabihty 

(3J Evaporating and condensing pressures 

(4) Vapor and hquid densities 

(5) Vapor and hquid viscosities 

(6) Critical and freezmg points 

(7) Conductivity and film coefl5cient 

(8) Corrosiveness 

(9) Miscibility with oil 

(10) Latent heat 

(11) Electrical resistance 

(12) Explosiveness 

(13) Leak tendency 

04) Action on refngerated products 

(15) Cost 

One of the earliest refngerants used was carbon dioxide Although 
carbon dioxide is a safe refngerant and is relatively inexpensive, the c p 
obtamed with it is so low that it is rarely used now as a refngerant The 
reason for such a low c p is that the operating range is close to the cntical 
condition, as indicated iti Fig 12-16 If any other refngerant were to be 
operated as close to its cntical condition as is carbon dioxide, it too would 
show a low c p Solid carbon dioxide (dry ice) is used to some extent when 
a small amount of refngeration is desired intermittently It has the 
advantage o\ er n ater ice of producing lower temperatures, of subhmating 
rather than melting to wet the product, and of blanketmg the product vnth 
a gas that is beavner than air 

Another early refngerant was ammonia AmTOonia is relatively cheap, 
has a high c p , has a high chemical stabditj', does not corrode steel, an 
has a high latent heat The ov er all operatmg cost is lower than that for 



Refeigeeatiox 


229 


other refrigerants used in industrial compression systems. However, 
ammonia is highly toxic, and its use is therefore restricted to those fields 
where the toxic properties of the refrigerant are not a serious drawback 
(z.e., refrigeration where many people are not present). 



Fig. 12-16. Operating Ranges of Carton Dioxide and Freon-12 


A third early refrigerant was sulfur dioxide. It also is a cheap refrigerant 
and has a low operating cost, has a high c.p., and is very stable chemically. 
But, sulfur dioxide is highly toxic. Today its use is restricted almost 
entirely to the household field. The amount of the refrigerant used in a 
household refrigerator is so small that a leak should not be serious if the 
house is well ventilated. This is particularly true because the strong 
odor of sulfur dioxide quickly indicates the presence of even a very small 
leak. 

A relatively new group of refrigerants is the Freon group. These are 
fluorine compounds. Although fluorine is a very active element, the 
Freon refrigerants are quite stable and are the least toxic of the refrigerants 
that have been discovered as yet. Therefore, in spite of the fact that they 
are relatively expensive, these refrigerants are very vldely used, par- 
ticularly in those fields where the toxic properties of the refrigerant have 
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to be considered There are at least five substances in the Freon group 
F-11, F-12, F-21, F-113, and F-114 The thermodynamic properties of 
these refrigerants differ greatly For instance, the specific volume of 
F-12 IS low at compressor entrance and, hence, this substance is 11611 suited 
for reciprocating compressors On the other hand, the specific \oIume of 
F~113 vapor is large and, hence, this product is a good refrigerant for 
centnfugal compressors 

Many other refrigerants are used to a limited extent, particular/y for 
special fields of service 

★l2-9 Operatmg Characteristics —The performance of a refngerat- 
ing machine, in regard to both the c p and the tonnage produced by a 
machine of a given size, depends on the operating conditions Therefore 
to rate a machine, the operating conditions must bo specified The 
standard conditions are defined as pressures corresponding to saturated 
vapor temperatures of 5 F at the compressor intake and 8G F at the com- 
pressor discharge, 9 deg F of subcooling and 9 deg F of superheating fix 
the final refrigerant temperatures used, respectively, at intake to the 
expansion valve and at intake to the compressor 

A change in any of the operatmg conditions, m addition to its indindual 
effect, may cause secondary effects by changing other operating conditions 
For instance, if the opening of the expansion valve is increased, more liquid 
ivill flow into the e\ aporator, and the evaporator pressure will be increased 
until the increased vapor density entering the compressor will be sufficient 
to allow the compressor to withdraw refngerant from the evaporator at the 
rate at which it enters The primary effect of the increased evaporator 
pressure, and hence temperature, will be to increase the c p , as has been 
discussed previously in this chapter Along with the increased c p , there 
will be an increase in the tonnage of the machine, which is almost propor- 
tional to the percentage increase in the evaporator pressure This is tnie 
because the tonnage is roughly proportional to the w eight circulated 
This weight, m turn, is approximately proportional to the density enter- 
ing the compressor, which vanes with the evaporator pressmu 

The secondary effect of opening the expansion \alve is some increase 
in the condenser pressure This occurs because, with increase m flow, 
much more heat must be transferred m the condenser To transfer the 
additional amount of heat, there must be a greater temperature difference 
between the condensing vapor and the condensing water 

With a decrease in the conden sing- w'a ter temperature, there mil be a 
decrease in condensing temperature and hence an increase m the c p oI 
the system However, it may not be economically sound to choose a 
condensing water wnth a low temperature if the cost of the water is niglh 
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if the pumping charges are high, or if the water is so impure that it may 
foul the condenser tubes. 

In case the heat-transfer surface of the condenser is of ample size, there 
will be some sub cooling of the condensate. The amount of this subcooling 
will depend on the surface area, the rate of vapor flow to the condenser, and 
the velocity and temperature of the condensing water. There will be some 
improvement in the c.p. as the amount of subcooling increases, because 
more refrigeration will be obtained for the same amount of work. 

The amount of superheat normally encountered at the compressor 
entrance has only a slight effect on the c.p., which decreases vdth an 
increase in the amount of superheat, 

Q 



Pig. 12-17. Simple Absorption System 


':#rl2— 10. The Absorption System. — One drawback of the vapor com- 
pression system is that it requires a compressor, which, as it must handle 
a vapor, is large and requires much power for its operation. If means were 
available for greatly reducing the vapor volume before it was pushed up to 
high pressure, then there would be a reduction in both the bulk of the 
sj^^stem and the power required to operate it. Some liquids have the 
ability of absorbing large quantities of certain vapors, thus greatly reducing 
the total volume. A system that operates on this principle is called an 
absorption system. Water, in particular, has the ability to absorb very 
large quantities of ammonia vapor. In this case a pump may be used to 
build up the pressure on the resultant liquor, as it is known. Under the 
high pressure, the ammonia vapor must be taken out of solution in order 
that it may condense and continue to produce refrigeration. This h? 
accomplished by adding heat to the high-pressure liquor, causing it to boil. 
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As the boilmg temperature of ammoma is much Ioi\er than that of ivater 
the major portion of the ^apo^s gi\en off upon boiling is ammonia, which 
maj be fed to the condenser 

The essential parts of an absorption system are shown in Fig 12 17 
Bj comparison with Fig 12-6, it n> to be noted that sj-stems of both types 
contam a condenser, an expansion \ahe, and an eiaporator In place 
of the compressor of the compression sj-stem, there are the absorber, the 
pump, and the generator (where the high pressure hquor is boiled) 



Fig 12 18. Absorption STstem With Heat Exchanger and Rectifier 


At high temperatures the capacitj of water for absorbing ammonia 
\apor IS low Hence, the weat. liquor (water contaming httle ammonia) 
taken from the generator must be cooled before it can absorb appreciable 
quantities of \ apor in the absorber The heat remoi ed from the weak 
hquor maj be used to raise the temperature of the strong hquor coming 
from the absorber and gomg to the generator, and thus nimimizc the 
amount of heat to be supplied to the generator This heat transfer is 
accomplished bj adding a counter flow heat exchanger, as «hown in Fig 
12-18 The \apors lea\aDg the generator are partlj water %'apor 
Unless the major portion of this water \ apor is remo\ ed before the ^apo^s 
enter the condenser, "O much water maj enter the evaporator that it maj 
freeze there This water \ apor is partlj remov ed in an analj zer bj 
the xapors up through a ‘spraj of the strong liquid coming from the ca 
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exchanger. A large part of the water vapor which leaves the analyzer is 
removed by cooling the vapors in a rectifier, which is a partial condenser. 

It is diflicult to compare the thermodynamic performance of the 
absorption system with that of the vapor compression system. In the 
vapor compression system, the energy supplied as work is entirely available 
energ}^ In the absorption system, the work input is extremely small. 
On the other hand, the heat which must be added to the generator is much 
larger in amount than the work required in the vapor system. However, 



Fig. 12-19. Water Vapor Refrigeration System With Compressor 


only a part of the heat added is available energy. The only real basis of 
comparison of the two systems is the relative economy. Where the energy 
required to drive the compressor is expensive, or where the generator is 
supplied largely vdth heat that othervdse would be wasted (say exhaust 
steam), the absorption system may be the cheaper one to operate. 

A modification of the absorption system just described is the Sen^el- 
Electrolux System. In this system, which is videly used in household gas 
refrigerators, the pump is eliminated. The whole system is under sub- 
stantially the same pressure. The evaporator of the system is charged 
with enough hydrogen to render the resulting ammonia pressure so low 
that the liquid a mm onia there will boil and produce refrigeration. As the 
hydrogen is only slightly soluble in water and as liquid seals prevent 
backflow to the condenser, the hydrogen remains in the evaporator. The 
units of the system must be so arranged that flow will be obtained by 
thermal action. 

Water Vapor Refrigeration . — When water is to be used for 
the refrigeration of air in air-conditioning work, the water itself may be 
refrigerated by another refrigerant. However, the c.p. of the system 
may be increased if the secondary refrigerant is eliminated and the water 
itself is used as the only refrigerant. This may be done by spraying the 
warm return water into a tank (which acts as an evaporator), in which a 
very low pressure is maintained. If no air is present, the water wall reach 
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the saturation temperature for the given pressure in the evaporator This 
system is illustrated m Fig 12-19 

1/ low temperature water is desired, the vapor volumes mil be very 
large For example, if water is desired at 40 F, the speciBc volume of the 
dry saturated vapor will be 2 444 cu ft per lb This means that the com- 
pressor must handle about 476 cu ft of vapor per min per ton of refngera 
tion This is far beyond the capacity of a reciprocatmg compressor To 
handle the very large volumes, a centrifugal water-vapor compressor is 
often used 

In case steam at moderate pressure is available, a steam-jet ejector may 
be used as the compressor Such an ejector is shown schematically m 
Fig 12-20 Steam expands in the nozzle coming out at high velocity, and 
enters the combining chamber In the combining tube, the high velocity 
steam entrains the vapor from the evaporator and imparts kinetic energy 
to it In the diffuser, the velocity of the mixture is decreased m an 
ordinary manner, the pressure being built up by this process 



12-12 The Heat-Pump Method of Heatmg — ^As mentioned in Art 
12-2, a reversed heat engine may be used for its heating effect as well as 
for its refrigerating effect This idea is not a new one, having been pro- 
posed by Lord Kelvin many years ago for use in India Such a machine 
may pump heat from outside a building to heat the building m the winter, 
and may pump heat out of the building in summer In such a system 
the unit which is located outside the building acts as an evaporator m 
winter but becomes a conden'^er m summer, the unit located inside the 
bmidmg, which acts as a condenser m winter, becomes an evaporator m 
summer The thermodynamics of such a system for winter operation is 
illustrated m the foUowmg example 


HxamvU ff-S— When the outside temperature is 35 F, the heat 
IS 40 000 Btu per hr Room temperature is 70 F The bmidmg is to be heated y 
a heat pump tovmg Freon, F-12 as the refrigerant To allow (or beat transfer to tW 
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evaporator, assume an evaporator pressure of 40 psia. To allow the building to be 
heated by air blown over the condenser without excessive velocities, assume a con- 
denser pressure of 2C0 psia. Taking the isen tropic compressor efficiency as 80%, 
calculate the horsepower required. 

Solution . — ^The T-S diagram is shown in Fig. 12-21. Here, 

^3=^4=39.21, /ii = S1.16, >Si=0.16914, and ;i 2 = 93.79 
The isentropic work per pound is 

^ 2-^1 = 93.79-81.16 = 12,63 Btu 


The actual work per pound is 


Isentropic Work 
Compressor Eff. 


12.63 

0.8 


= 15.79 Btu 



The heat picked up outdoors is 

/ij-./i 4 = 81 . 16 — 39.21 =41.95 Btu per lb 

As all energy put into the compressor must be delivered to the bmlding, the total 
energy to the building is 

15.794-41.95=57.74 Btu per lb 

40,000 = 10,940 Btu per hr 


The work input is 
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Tbe horsepower input is 

¥^ = 4 30hp Ans 

Example lS-9 — II in the preceding example electrical energy costs IJ cents per ks lir 
and fuel oil costs 10 cents a gal compare the cost of operation of the heat pump with 
that of an oil burner Assume that the oil has a heating value of 140 000 Btu per gal 
and the efficiency of the burner is 75% 

Soluhon — ^The cost of operating the heat pump Is 

(4 3)(0 746) (1 25) =4 01 cents per hr 

For the oil burner the cost is 

40 000 O01 4 1. 

I 40 M 0 (^( 10 ) = 381 cents per hr 

These results show that under the given conditions there will be a si ght saving in 
burning oil In case the outside temperature drops the advantage in favor of oil will be 
greater With higher outside temperatures the advantage will shift to favor the heat 
pump 

If anything can be done to minimize the temperature range in the heat 
pump system for given outside conditions its operating costs will be 
reduced A saving can be effected by using the condenser as a direct 
heater and by using much heat transfer surface and operating with a 
condenser temperature which is not greatly in excess of the atmospheric 
temperature 

Some work has been done with abstraction of heat from ground water 
which has a temperature in excess of that of the outside air In some 
cases pipes are embedded in the earth with water circulating through them 
to pick up heat from the earth These systems show promise because of 
their low operating costs Although the initial costs of such heal pump 
systems arc high at present it should be realized that such systems are 
not yet in quantity production Furthermore they replace beth the 
conventional h^^ating system and an air conditioning system for summer 


use 



CHAPTER 13 


GASEOUS MIXTURES AND COMBUSTION 

13-1. Dalton’s and Avogadro’s Laws. — When a perfect gas A is 
introduced into a tank which contains another perfect gas B, nothing 
happens to gas B as a result of the addition of gas A, it being assumed that 
the two gases are at the same temperature. This is true because the size 
of the molecules of gas A may be neglected, and the total free volume 
through which the molecules of gas B may move is stiU the entire tank 
volume. Furthermore, there can be no intermolecular attractions between 
the molecules of the two gases; and the molecules of gas B vdll therefore 
travel in the same straight lines as they did originally. In addition, as the 
mean kinetic energies of the molecules of the two gases are equal, there can 
be no net exchange of energies between the molecules of the two gases. 
Hence, the pressure exerted by gas B will be the same as it was originally. 
Following the same line of reasoning, the pressure exerted by gas A is not 
influenced by gas B. 

This fact was enunciated by Dalton and is kno’^m as Dalton’s Law 
of partial pressures. It is stated as follows: In a mixture of perfect gases, 
each gas occupies the entire volume at its own partial pressxtre] the total pressure 
equals the summation of the individual partial pressures. The term ‘ 'partial 
pressure” refers to that part of the total pressure which is exerted by a 
given gas. For a perfect gas this equals the pressure which that gas would 
exert if it alone occupied the same container at the same temperature. 

In Art. 2-6 it was shown that the pressure exerted by a perfect gas is 
1 ^ 

PV^-^Nm Vel . Solving for the number of molecules N, we get: 

mVel" 


Since temperature is a measure of the mean kinetic energy of the mole- 
m '^^el** 

culss, or — ^ — , it may be seen that the number of molecules of a perfect 


gas in a given volume is independent of the nature of the gas but depends 
solely on the pressure and temperature of the gas. Avogadro phrased this 
fact as follows: Equal volumes of perfect gases, under the same conditions 
of temperature and pressure, contain the same number of molecides. 


13-2. The Mol. — According to the line of reasoning in Art. 13-1, the 
total pressure exerted by a mixture of perfect gases, occupying a given 

237 
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\oIume at a gi\en temperature, is mdependent of the nature of the 
gases but depends solely on the total number of molecules present. The 
molecule is such a small quantity of matter that we are confronted with 
an extremely large number when dealing with the numbers of molecules 
present in the quantities of substances normally encountered Thus, 
there is a need for a umt of quantity that is similar to the dozen, the gross, 
and the ream but in\ oh es a \ ery large number per unit There is also 
need for such a unit of quantity nhen dealmg mth combustion, becauie 
combustion is fundamentally action between mdivudual molecules Such 
a umt is the mol 

Because of mabihty to count the number of molecules and because of 
the \ ery large number of molecules m^v oh ed, the number of molecules per 
mol IS not pertment The weight method is used to determme a ’veiy 
large number of similar objects For example, a bilhon pins would be 
weighed rather than counted mdi\udually lukemse, the mol is weighed 
When the English system is used, a mol is that number of molecules of a 
substance hose weight m pounds is eqm\ alent to its molecular weight 
This mol IS often termed the “pound mol ” For example, a mol of oxjgen 
weighs 32 lb 

As the weight of a mol of any substance is directlj' proportional to its 
molecular weight, it follows that the number of molecules in a mol* is 
independent of the nature of the substance and is a constant, whether the 
substance is a sohd, a hqmd, or a gas 

The total pressure exerted by a mixture of perfect gases may be evalu- 
ated by detenmiung the partial pressure of each of the constituent gases 
from the equation PV= WRT and then summing up the partial pressures 
Another method would be to find a composite gas constant, de«ignated as 
R, for the mixture and then to determine the total pressure directly These 
laborious methods may be a\ oided by use of the mol To use this pro- 
cedure, start with the equation P AT m Vel 

Let n==the number of molecules per mol=a constant, c', 
and M =the number of mols, 

iV— the total number of molecules 

Then nM=N 

But T=c or m 


and 


P V=- 
3 


1 ,21/7’ 
'3^ c 


• There are approximately 2 7oXlO“ molecules m a pound mol 
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Substituting the constant B for all the constants in the 
equation, we obtain: 

PY=MBT 


foregoing 


(13-1) 


As nothing has been said about the nature of the gas, other than that it 
was a penect gas, equation 13-1 must hold for all perfect gases, and the 
constant B must have the same value for all perfect gases. For this 
reason, B is known as the timversal gas constant When pressures are 
expressed in pounds per square foot absolute, volumes are in cubic feet, 
and temperatures are in degrees Rankine, the value of R is 1545. 

The number of mols of a substance may be determined by dividing 
the total weight by the weight per mol, or v/. Thus, 


34 = 


TF 

w' 


(13-2) 


If the equations PV=WRT and PY==MBT are compared, WR must 
equal MB, Substituting Mv/ for TT, we get Mtc'R=3IB or 



(13-3) 


Excm'ph 13—1, — A gaseous mixtxire consfstiiig of 32 lb of oxygen, 14 lb of nitrogen, 
56 Ib of carbon monoxide, and S Ib of hydrogen is to be stored in a tank at a gage pressure 
of 200 psi and at a temperature of 130 F. Calculate the tank volume req\iired. 

Solution , — The number of mols of each gas is found as follows: 


mols of Oz 
mols of Kz 


-31 = 1.00 


mols of CO =^=2.00 

mols of Hz —-—=4.00 
Total mols =7.50 


Then, 

or 


MET r.5(1345)(I30-f-460) 
P 144(14.74-200) 

r=221 cuft 


Ans. 


13—3. Volumetric and Weight Analyses. — ^In some gases a volumetric 
analy^ of a gaseous mixture is desired: in other cases it is the weight 
analysis which is desired. The transformation from one type of analysis 
to another is facilitated by the use of the mol. Since the number of mole- 
cules per mol is a constant and is independent of the nature of the sub- 
stance, the following statement can be made by reversing Avogadro's Law: 
Under given conditions of temperature and pressure, the volume per mol of 
any perfect gas equals that of another perfect gas. In other words, the number 
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of mols of any gas m a mi\ture of perfect gases is proportional to the volume 
this gas ^^ould occupy if it were separated from the mixture and existed 
at the total pressure and at the same temperature A molal analysis of a 
mixture of perfect gases must equal numerically the volumetric analysis 
To conxert a •volumetric analysis to a weight analysis, use is made of this 
equality, as illustrated m the sample problem which follows 

Example 13-2 — A gaseous mixture has the followmg volumetric analysis CO, 12%, 
0,=»5% CO==l% iV,=82% Determine the weight analysis (Note Carbon dioxido 
may not be treated as a perfect gas at high pressures, even at room temperatures, but, 
when it 13 a part of a gaseous mixture existing at atmospheric pressure, the partial 
pressure of carbon dioxide is so low that it mav bo treated as a perfect gas ) 

SoltUton — ^The values may be tabulated as follows 


Subetssce 


Per Cent 
by 

Volume 


M<^^r 

Klixture 


Weight 



Weight lb 
“ per mol of 
Mixture 


Percent 

by 

Weight 


CO, 12 

0, 5 

CO 1 

Nt 82 


0 12 X 44 
0 05 X 32 
0 01 X 28 
0 82 X 28 


5 28 
1 60 
028 
22 OG 


528 

160 

28 

2296 


30 12 
30 12 
30 12 
30 12 


17 53 
5 31 
0 93 
76 23 


30 12 


100 00 


In this solution use is made of the fact that the molal analysis of a mixture of perfect 
gases 13 numerically equal to the volumetric analysis of the mixture It should be noted 
that m the solution of this problem the weight of a mol of mixture, 30 12 Ib, is found 


The conversion of a weight analysis to a volumetric one is illustrated 
by the followmg sample problem 

Example 13-S — A gas has the followmg weight analysis CO, = 18%, //,=2%, 
C// 4 = 1%, CO = 4%, O,=0 5%, N,=74 5% Determme the volumetric analysi" 
Sotution — The results may be tabulated as follows 


Substxncc 


Per Cent 
by 

Weight 


Weight 


Moll per 
- Ibol 
Vlixturs 


M 1x1 nr 
\ olumetno 
An&lvais 
Per Cent 


CO, 

18 0 

0180 - 44 = 0 00409 

0 409 - 0 04291 


9 53 

Ht 

20 

0 020 - 2 = 001000 

1000 - 0 04291 

= 

23 30 

Cllt 

10 

0010 - 16 « 000062 

0 062 “ 0 04291 


146 

CO 

40 

0 040 - 28 = 000143 

0 143 - 0 04291 


3 33 

0, 

05 

0 005 - 32 = 0 00016 

0 016 -r 0 04291 


037 

N, 

74 5 

0 745 - 28 •= 002661 

2 661 -r 0 04291 


6201 



0 04291 



100 00 


Caro must be taken not to multiply the value found m the analysis by the weight 
per mol of each individual substance 
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If the weight of a mol of this mixture is desired, it may be found readily, as the above 
calculations show that there is 0.04291 mol per poimd of mixture. The weight of a mol 


4, Properties of Gaseous Mixtures. — ^The important properties 
of gaseous mixtures are pressures, volumes, intrinsic energies, enthalpies, 
entropies, and specific heats. 

(a) Pressures: It has been shown that for perfect gases the total 
pressure is the summation of the individual partial pressures. The 
individual partial pressures may be determined if the number of mols of 
each substance is known. 


Example 13-4. — ^ quantity of oxygen having a volume of 20 cu ft at 200 psi gage 
and 500 F and 30 cu ft of nitrogen at 120 psi gage and 300 F are placed in a 12 cu ft 
tank at a temperature of 200 F. Calculate the partial pressures of both the oxygen 
and the nitrogen and also the total pressure. 


Soluticm . — ^The number of mols of each gas is found as follows: 

PV 144(14.74-200)20 
'BT 1545(5004-460) 


Oxygen = 


-=0.4169 mol 


J^V 

BT' 


144(14.74-120)30 
1545(3004-460) ‘ 


The total pressure after mixing is 

MBT (0.41694-0.4956)1545(2004-460) 

V 12 

= 77,500 lb per sq ft abs 

= 538 psia Ans. 


The partial pressures are: 

0 4169 

For oxygen, ^0.4169 +0.4956 

0 4956 

For nitrogen, 538 Xq 4ig9^-^95g=292 psia 


Ans. 

Ans. 


(b) Volumes: In a gaseous mixture, each gas occupies the entire 
volume. However, in some cases it is desirable to determine the partial 
volumes, i.e., the volumes that would be occupied by the individual gases 
if each existed at the total pressure and temperature of the mixi:ure. The 
perfect gas law, PV^MBT, shows that each partial volume is d^endent 
on the numbers of mols of the individual substances. I 

Example 13-5 .' — A mixture consisting of carbon monoxide and nitrogen occupies 
42 cu ft at a pressure of 80 psi gage and 120 F. The weight of nitrogen present 15^.2 lb. 
Calculate the partial volumes of both the nitrogen and the carbon monoxide. 


Solution . — ^The total number of mols equals 
144(804-14.7)42 
BT 1545(1204-460) 


= 0.639 mol 
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and the number of mols of nitrogen is 

11=0257 mol 

The partial volume of the nitrogen equals 

® ft Ans 

The partial volume of the carbon monoxide equals 

42x^^^^^=251cuft Ans 

(c) Intrinsic Energies When gases are mixed adiabatically m a non 
flow manner, the total mtnnsic energy after mmng equals the summation 
of the individual intrinsic energies before mixing provided that no energy 
in any other form enters or leaves the mixing chamber This statement 
follows from the law of consen ation of energy 

When flowing gases are mixed, there is little need for a knowledge of 
the mtnnsic energy after mmng How ever, if de'^ired this quantity may 
be found by the application of the equation of steady flow 

(d) Enthalpies When /ouanjr fluids are mnxed adiabatically the total 
enthalpy of the mixture equals the sum of the individual enthalpies before 
mixing provided that energies in other forms are not involved m the 
mmng process In case other forms of energies are inv olv ed the equation 
of steady flow must be resorted to m order to determme the enthalpj of the 
mixture 

The enthalpy of a flmd at rest has little significance, except m constant 
pressure processes Keeping this m mind one must not infer that w hen 
fluids are mixed adiabatically m a non flow manner, the enthalpj of the 
mixture equals the summation of the enthalpies of the constituent fluids 
In the case of perfect gases, however, there is no change in temperature 
during such a mixing and there is no change in the v alucs of PV because 
of mmng * Hence the enthalpy of a mixture of perfect gases equals the 
summation of the enthalpies of the individual gases 

(e) Entropies Mixmg is an irrciersible process, as such it is accom- 
pamed bv an increase in entropy The amount of this increase in entropy 
depends on the drop in pressure suffered by the individual gases as a result 
of the mixmg process to a common total pressure and v olume 

Example W-ff— A 6 cu ft tank contains ox>gcn and nitrogen The gases are 
initially in separate compartments and each is at a pressure of 20 psia and at a tem 
perature of UO F The oxj gen occupies a volume of 1 cu ft and the nitrogen a volume 
of 6 AU ft Calculate the total increase in entropy occurring when the trio gases are 
mixM ad abatically 

/ ’It must be kept in mind that <his discussion concerns non flow mixing of perfect 
/ gases that are initially at the same temperature 
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ScIl:^ 17 Z. — As entropy is a point fnnctian, the increase in the entropTr of each of the 
may be evaluated by repla cing the irreversible mixing process by a reversible 
process having the same tenniiial states. Scch a proces is the reversible constant- 
temperature expansion progress. 


The increase in entropy for the oxygen is 

zQ2_z^^z TT i-^X20Xl log* - 




JT 


JT 


778(140 -h460) 


=0.01105 unit 


t or the nitrogen, the increase is 


py lo^. 

5,—^.= 

‘ ^ JT 


Vz 

Vi 


1^X20X5 log. t 
TOC140-f460}'’=0-00-5^- 


The total increase in entrony of the gases as a result of the mixing enuals 
0.0110o-H>.00562 =0.01607 unit- Ans. 

(f) Specifc Hcafs: For perfect gases the specific heat of a gaseous 
mixture equals the wdghted average of the specific heats of the individual 
gases. If the specific heats of the gases vary ttith temperature"^ but the 
gases are perfect in all other respects, the specific heat of a gaseous mixture 
equals the weighted average of the individual specific heats of the con- 
stituent gases taken at the mixture temperatnre. 

ErcTTjzIe IS— 7 ^ — A gaseous mixture consists of 10 Ib or CO, S Ib of A^, and 6 Ib of O^. 
Calculate the constant-pressure specific heat of the mixture. 

ScliilioT ^ — The values may be tabulated as foIIovTs: 


! 


1 SpeciEc Hsas 

1 W X Spedac neat 

1 

Ib 

1 Brc per Eb per deg- 

! Btu per deg 

CO 

10 

0.24S 

2.4S0 

AT 

s 

0.24S 

1,9S4 

Oz 

6 

0.219 

1.314 


24 


5.77S 


The specinr heat of the mixture equals 

^‘^| -=0n41 Btu per Va per deg Ans. 


EzcTz-zie lS -€, — A gaseous mixture has the foUo^^g composition by volume: 
COzf 20^; COf SO Sc; Oz. SSc; 2 nd .V*, 425c- The molai specific heats at constant 
volume, in Btu per mol per dec, are as foIIoTrs: CO and Kz, 4.97; COzt 6.95; O-, 5.03. 
Calculate the constant-volume molal specific heat of the mixture. 

* See Chapter 14. 
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in very small amounts. It is common practice to lump these inert gases 
and argon"^ together with nitrogen and call the mixture atmospheric 
nitrogen. Atmospheric nitrogen weighs 28.16 lb per mol. On the volume 
basis^ air contains 21 per cent of oxygen and 79 per cent of atmospheric 
nitrogen. On the weight basis, air consists of 23.2 per cent of ox^-gen 
and 76.8 per cent of atmospheric nitrogen. The weight of air is 28.97 lb 
per mol. 

Although the nitrogen does not react during the combustion process, 
it is commonly included in the combustion equation to indicate its presence. 
The amount of atmospheric nitrogen equals the amount of oxygen multi- 
plied by the nitrogen-oxygen ratio for air. Thus, the combustion equation 
for carbon becomes; 

C+ 02 +^ A '2 — > C02+~ N 2 (13-4a) 

In the theoretical case it is assumed that the air supplied contains 
exactly the right amount of oxygen so that if it were completely utilized 
neither fuel nor oxj^gen would be left after combustion. This is termed 
“perfect” combustion and the air thus suppKed is called the “theoretical” 
air.j 

In the case of combustion of a hydrocarbon fuel, CO 2 and H^O are 
formed. When setting up combustion equations it is suggested that the 
following steps be taken: 

(1) Assume that 1 mol of fuel is present. (It is recognized that this 
may call for a fraction of a mol of oxygen, but fractions of mols are 
realities whereas fractions of molecules are not. The advantage 
of starting vdih 1 mol of fuel is that all other quantities are then 
expressed per mol of fuel.) 

(2) Determine the amounts of CO 2 and n20. 

(3) Determine the amount of O 2 required. 

(4) Determine the amount of Nz- 

Example 13-9. — ^Write the combustion equation for octmie, 

Solution. — ^The mol of CgSis is composed of carbon (C) in the amount of 8 mols 
and hydrogen (Hz) in the amount of 9 mols. The 8 mols of carbon will form 8 mols of 
CO 2 and the 9 mols of hydrogen will form 9 mols of HiO. 

The 8 mols of CO 2 contain 8 mols of Oi, and the 9 mols of HzO contain 4 J mols of Oz. 
Thus, the number of mols of Oz required per mol of fuel is 8-}~4f = 12§ mols. 

79 

The number of mols of Nz accompanying the Oz is 12§ X-^=47 mols. 

* Oxygen and nitrogen together constitute about 99 per cent of air. 

t The theoretical air is also commonly called the “stoichiometric*^ air. 
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Thus, the combustion equation becomes 

12i 0,+47 N,— >8C’0,+9ffO+47A\ Ana 

E\ en though the nitrogen present after a combustion process has not 
resulted from the reaction, it is intimately miNcd iMth suWanccij formed 
by the reaction, hence, it is considered one of the “products of combustion ” 
In a hke manner, u hen eveess oxy gen (i e , more o\j gen than is theoreticallj 
required) is used, this oxjgen mil augment the final lolume In this case 
it, too, Mali be considered to be a product of combustion 

Example lS-10 — Calculate the volume of the producta of combustion per pound of 
C»//is at 500 F and 15 psia 

Solution — Although COt and HJO normally are considered to be vapors, and not 
gases, their pressures in this case are so low that they may be treated ns perfect gases 
■with ordinary engineering accuracj The total number of mola of producla per mol of 
fuel equals 9 +8+47= &4 A mol of fuel weighs 8X12+18 = 114 lb Hence, a pound 
of fuel equals 1 —114 = 0 00S77 mol The volume of products equals 

MET O0OS77(frl)(1545)(50O+46O) 

3S5cuft Ana. 

Example tS-11 — Wnte the combustion equation for octane, Ciff,i when supplied 
with 20 per cent of excess air ft e , air supplied in excess of the theoretical and expressed 
as a per cent of the theoretical air) Calculate also the number of pounds of air aupphed 
per pound of fuel 

Solution — As determined in Example 13-9, a mol of octane requires, theoretically, 
12} mols of oxygen The excess oxygen equals (0 20)(12 5)=2 5 mok and the total 
oxygen supplied equals 15 0 mols 

The total nitrogen equals 15 0^^) =56 4 mols 

The combustion equation then becomes 

„ +15 0, +56 4 Nt — >■ 8 COi +9 //lO +56 4 A", +2 5 0, Ans 

The number of mols of air per mol of fuel equals 

mols Oi per mol fuel ^ f ^ ^ 4 
mols Oj per mol air 0 21 
The weight of air per mol of fuel equals 

71 4 X28 37 = 2070 lb 

As a mol of fuel weighs 114 lb, the weight of air per pound of fuel equals 

^=18 15 lb Ans 

It should be emphasized that the excess 0- appears as O 2 on the right- 
hand side of the equation, and the total A’’* appears on both sides 

★ (6) Combustion With Deficiency of Oxygen . 'Wlien there is a deficiency 
in the amount of air supplied, incomplete combustion will result Hydro- 
gen has a greater affinitj for oxj gen than has carbon In case there w not 
much deficiency of oxjgen, it may be assumed tJiat the hj drogen takes what 
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oxygen it requires for complete combustion* and the carbon has available 
the remainder of the oxj’-gen supplied. The amounts of carbon monoxide 
and carbon dioxide formed* may be determined by setting up two equa- 
tions, one a carbon balance and the other an ox^’^gen balance, and sohnng 
them simultaneously. The application of this method is illustrated by the 
following example. 

'ji^Example 13-12. — ^Benzene, CJIz, is burned with 95 per cent of the theoretical 
amount of air. Determine, theoreti 03113”, the combustion equation. 

Solution . — ^For the theoretical amount of air, the combustion equation ma3’ be 
written as follows: 


Ceffed-Ti 0--I-28.2 Nz — > 6 COz + BJhO -\- 2S.2 iV. 

When 95 per cent of the theoretical air is supphed, the amount of Oz equals 0.95(7,5) = 
7.12 mols, and the amount of nitrogen equals 0.95(28.2) =26.8 mols. 

The carbon dioxide and the carbon monoxide formed, together, must contain all of 
the carbon in the fuel, nameb", 6 mols. Each mol of carbon dioxide contains an amount 
of carbon equal to 1 mol. A mol of carbon monoxide also contains carbon in the 
amount of 1 mol. Hence, the number of mols of carbon monoxide and carbon dioxide 
must total 6, to contain the 6 mols of carbon in the fuel. Or the equation for carbon 

mols COz^moh CO =6.00 (a) 

A mol of carbon dioxide contains ox3”gen (O*) in the amount of 1 moL A mol of 
carbon monoxide contains oxygen in the amount of | mol. Together the carbon dioxide 
and carbon monoxide must contain the 0X3'gen left over when the h3”drogen takes its 
mols out of the 7.12 mols of oxygen supplied. Thus, the ox3”gen left to b\im the 
carbon equals 

7.12 — 1.5=5.62 mols 

The equation for oxygen balance then becomes: 

mols COz-hi mols CO =5.62 (6) 

Subtracting equation (6) from equation (a), we obtain 

i mols CO = 0.38 and mols CO = 0.76 


Therefore, 

mols 002=6.00-0.76=5.24 
Then the combustion equation becomes: 

CtSe-^7.12 02-f26.8 Nz — > 5.24 CO2+O.76 CO-f-3 H^O 4*26.8 Xz 


Ans. 


13 - 6 . The Orsat. — ^The completeness of combustion, as well as a 
knowledge of the amount of air supplied, can be determined if it is possible 
to obtain an analyisis of the products of combustion. An apparatus to 
make such an anal3^sis is known as the Orsat. By use of the Orsat, a 
volumetric analysis of the dry products (f.e., the products with water vapor 

* In the actual case the amount of water vapor will be somewhat less than that 
shown by this assumption, as will the amount of carbon monoxide. The.’*e will be 
slighth” more carbon dioxide. 
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removed) is obtained In the Orsat, chemicals absorb carbon dioxide, 
oxygen, and carbon monoxide The remainder of the dry gases is assumed 
to be nitrogen In case there is a large deficiency of air, the dry products 
may contain free hydrogen and possibly methane, vhich wll not be 
detected by the simple Orsat 

The Orsat analysis is used to determine the per cent of theoretical air* 
supplied The carbon content of a given amount of dry products and also 
that of a given amount of fuel are determined Then a relation may be 
established between the amounts of fuel and dry products f Likewise by 
use of nitrogen, a relationship between the amounts of air and dry productsj 
may be established The ratio of fuel to dry products and the ratio of air 
to dry products being knoivn the air fuel ratio may be calculated This 
nitrogen carbon method is illustrated by the follow mg examples 

Example 13 IS — A fuel consists of 14 9 per cent of hydrogen and 85 1 per cent of 
carbon by weght The Orsat analysis shows 12 5% CO, 2 5% Oj and 0 7% CO 
Determine the actual air fuel ratio and the per cent of theoretical air 

Sdulton — A mol of the dry products contains 0 125+0007=0 132 mol of carbon 
The weight of this carbon per mol of dry products is 0 132 X 12 = 1 584 lb A pound of 
fuel contains 0 851 lb of carbon Hence the number of pounds of fuel per mol of dry 
products equals 1 584 0 851 = 1 86 Ib 

A mol of dry products contains 1 000— (0 125 +0 025 +0 007) = 0 843 mol of nitrogen 
The number of mols of air required to supply this nitrogen is 0 843 —0 79 = 1 067 mols 
The weight of air per mol of dry products equals 1 067 X28 97 = 30 91 Ib 

As the weight of air and the weight of fuel per mol of dry products are both known 
the air fuel ratio may be obtained by dividing one of these quantities by the other 
Thus the actual air fuel ratio equals 

^^=16 6 lb air per lb fuel Ans 


To determme the per cent of theoretical air the theoretical air fuel ratio must be 
found As shown m the 6rst part of Art 13-5 a pound of carbon required 2| Ib of 
oxygen To find the oxygen required per pound of hydrogen the combustion equation 
for hydrogen will be used This is 

//i+jOi — 

Thus a mol of hydrogen requires } mol of oxygen 2 lb of hjdrogen requues 16 Ib of 
oxygen and 1 lb of hydrogen requires 8 lb of oxygen 

• Actual air supplied divided by the theoretical air, expressed on the percentage bas a 
t If some of the carbon is unbumed and separates out say in an aah pit this amount 
most bo subtracted from the carbon in the fuel to find the amount of carbon in the diy 
products 

{ Some fuels contain small amounts of nitrogen This nitrogen content of the fuel 
must be subtracted from that of the dry products to obtain the amount from the air 
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The values may be tabulated as follows: 


Substance 

Pounds 
per lb of Fuel 

Pounds Oi 
per lb Substance 

Pounds Oj 
per lb Fuel 

52 

0.149 

8 

1.192 

C 

0.851 

2§ 

2.269 




3.461 


The theoretical air-fuel ratio equals 


lb O 2 per lb fuel _ 3.461 
lb O 2 per lb air 0.232 


= 14.9 lb air per lb fuel 


Then the per cent of theoretical air equals 


^X100 = 111.4% 


Ans. 


This may be expressed as 11.4% excess air. 

Example 18-1 4 , — A gaseous fuel has the following volumetric analysis: CO =25.5%, 
CO» =6.58%, 52 = 13.20%, 520=6.23%, and 52=48.49%. The Orsat analysis shows: 
002 = 17.70%, 00 = 0.17%, and 02=2.68%. Calculate the volume of air actually 
supplied per cu ft of fuel and the per cent of theoretical air used. 


Solxilion . — The number of mols of carbon contained in a mol of dry products equals 
0.1770-1-0.0017=0.1787 moL The number of mols of carbon contained in a mol of fuel 
equals 0.2550+0.0658 = 0.3208 mol. Hence, the number of mols of fuel per mol of dry 
products equals 


0.1787 

0.3208 


=0.557 mol 


The number of mols of nitrogen, from the air supplied, per mol of dry products 
equals the mols of nitrogen in the dry products minus the mols of nitrogen in the fuel. 
The number of mols of nitrogen per mol of dry products equals 1.000 — (0.1770+0.0017 + 
0.0268) =0.7945 mol. The number of mols of nitrogen in the fuel per mol of dry 
products is found by multiplying the number of mols of nitrogen per mol of fuel by the 
number of mols of fuel per mol of dry products, and equals 0.4849X0.557 = 0.2701 mol. 
Then the number of mols of nitrogen, in the air supplied, per mol of drj- products equals 
0.7945 - 0.2701 =0.5244 mol. 

The air supplied per mol of dry products equals 

mols N 2 per mol dry products „0-5244_^ 
mols per mol air 0.79 

The number of mols of air per mol of fuel equals 

mols air per mol dry products _0>664_ ^ 
mols fuel per mol dry products 0.557 

As both the air and the fuel may be treated as perfect gases, the volume per mol of 
each is the same for the same conditions. Therefore, 

Actual air supplied = 1.19 cu ft air per cu ft fuel Ans. 

The theoretical air-fuel ratio ^^ill be found in order to find the per cent of theoretical 
air used. Only the carbon monoxide and the hydrogen in the fuel will bum. The 
combustion equations for these are: 
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C0 + |0j ^COt 

//l + }0, 


Thiis, s rtici esch of the^e combustibles r?qtfin?s j moJ of OTjgcn Tftc computations 
may be arranged as follow's 


Substance | 

Mola 

per n a! Furl | 

MoU Of 

fter tn<tl | 

Moh Oi 
per mol Fuel 

CO 

0 2jo 

05 

01275 

Hi 

0132 

05 

OOGOO 




0193o 


The theoretical air fuel ratio equals 


rnols Oj per mol fuel 
mols Ot per mol air 


= 0 921 cu ft air per cu ft fuel 


The per cent of theoretical air equals 


1 190 
0921 


X 100 -129% 


Ana* 


15-7 Heating Values — The heating \ alue of a fuel is the amount of 
heat that must be temoted from the products of complete combustion of a 
umt amount of fuel to cool the products dotiTi to the temperature of the 
original nir-fuel mi'irfure 

Most common fuels contain combustible hj drogen, w Inch, upon burn- 
ing, forms uater Aapor NormaIl5, as the products of combu•^tlon arc 
being cooled, part of the water Aapor condenses, g«ing up its latent heat 
The heating \alue, t c , the amount of heat rcmo\ed from the products of 
combustion, thus depends on the amount of Mater lapor condcn«ed For 
a gi\en fuel, the amount of uafer I'spor that condenses is a function of 
(a) the temperature of the original mixture, (6) the barometric pressure, 
(c) the relatne humidit} of the air, (d) the excess air u'jcd 

It maj be seen that, according to the defimtion giien m the fin,t 
Daragrapli, there are an infinite number of heating a alues for a furl W hen 
this defimtion is used, hoMcaer, there are a minimum heating aalue and a 

• The authors rcal«e that problems of these tj'pcs m‘»> be soh ed in a shorter manner 
b> combining several steps and expressing relations in equation form ifoweicr they 
feel that i\hen the stiideot st/irts on the subject of combusUon, he should fco throuf^h 
the problems «tep bv step After he pains an understanding of the subject either he 
or his instructor ma> then introduce the commonly used equations to reduce tne tunc 
required for solution of problems 
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maximum heating value for any fuel. The minimum heating value will 
be obtained when sufficient excess air is used to prevent any condensation 
of water vapor of combustion. This heating value is the “lower” or “net” 
heating value, and is designated The maximum heating value of a 
fuel is obtained when the air contains sufficient moisture to saturate the 
products of combustion. In this case, all the water vapor of combustion 
will condense. This is the “higher” or “gross” heating value, and is 
designated Qh- 

The difference between the higher heating value and the lower heating 
value is a constant for any particular fuel.* In the case of constant- 
pressure combustion, this difference is the enthalpy of vaporization h/g of 
the water vapor of combustion, taken at the original temperature of the 
air-fuel mixture. In accordance with common practice when dealing with 
heating values, the term “latent heat” will be used in place of the term 
enthalpy of vaporization. The heating values of fuels commonly are 
reported at 25 C or 77 F. The latent heat of water vapor at this tem- 
perature is 1050.4 Btu per pound. In case the combustion is a constant- 
volume one, the difference between the higher and lower heating values 
equals the internal energy of vaporization iifg of the water vapor. At 
77 F this is 991.3 Btu per poimd. 

Most of our fuels are solids or liquids. Their heating values generally 
are determined in a bomb calorimeter. This is a constant-volume de\dce 
into which is placed first a known quantity of fuel and then a charge of 
oxygen. The bomb is immersed in water, which absorbs energy’' from the 
products after combustion takes place. If a few drops of water are added 
to the inside of the bomb before it is sealed, this will saturate the space 
within the bomb; hence, all of the water vapor of combustion must con- 
dense. Because the temperature of the water surrounding the bomb 
increases, it cannot quite cool the products dovm to the temperature of 
the origmal air-fuel mixture. However, a correction is made for this 
condition in “standardizing’' the bomb. Hence, the heating value cal- 

* Before combustion, the air-fuel mixture possesses a definite amount of both 
chemical and sensible molecular energy. During combustion, new substances are 
formed and chemical energy is transformed into sensible molecular energy. Generally 
the sensible molecular energy of the products is somewhat different from that of the air- 
fuel mixture, even at the same temperature. The heat that is removed is the algebraic 
sum of the chemical energj’ of the fuel and the net change in sensible molecular energy*. 
The difference between the sensible molecular energies of an air-fuel mixture and its 
products of combustion at the same temperature varies as the initial temperature is 
varied. Thus, the heating value of a fuel will vaiy slightly with temperature. How’- 
ever, this variation with temperature is so slight that it may be neglected except w’here 
extreme accuracy is desired. In this case the sensible molecular energies may be 
calculated by the aid of equations showing variations in specific heats with temperature 
or by tables of intrinsic energies or enthalpies. 
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culated from the results obtained i\ith a bomb calorimeter is the higher 
heating value at constant volume, which is designated Qnv 

The heating values of the gaseous fuels, and sometimes of the lighter 
of the liquid fuels, are determined m the gas calorimeter In this type of 
calonmeter the air-fuel mixture is burned in a bunsen type of burner 
Water, circulating through the calonmeter, cools the products of combus- 
tion down to the tempeiature of the entenng air-fuel mixture Under 
normal conditions, a portion of the water vapor of combustion is condensed 
The heating value thus obtained is intermediate in amount between the 
higher and low er values The heating value is that of a flow process, which 
may be shown to equal the constant-pressure non flow heating value 
The energy equation for the non-flow constant-pressure combustion is 

Um ,nd luel + Chem Energy fuel = U product! 

Since the pressure is constant, 

lWk2 = P(7prod -7.r .ud lu!0 = /^Fprod - EF.Jr «.d fuel 

Substituting for iWkj and rearranging, we obtain 

U.ir ond fuoiH- — ■ y"~ +Chem Energy,ue]= Uprod +— -fQp 
or /f.ir»nd fu«i+Chem Energyfu.i = /fprod +Qi> 

Applymg the equation of steady flow to the gas calorimeter, we get 
//air»nd fuoi+Chem Energywei = /fp,od +QtiGw 

If the last equation is subtracted from the one immediately preceding 
it, the result is 

Ofloir = Qp 

Thus, the heating value determined from the gas calorimeter equals the 
constant-pressure heating value To determine the higher heating \alue, 
the latent heat of the part of the water \apor of combustion that was not 
condensed must be added to the heating \alue obtained with the gas 
calonmeter When the latent heat of the part of the water vapor of com- 
bustion that was condensed is subtracted from the calorimeter heating 
value, the lower heating value will be obtained 

Example 15-/5 —Methane, C//«, has a heatmg value of 0^ Btu per cu ft at 77 F 
when 0 05 lb of w ater vapor per cu ft of fuel Is condensed Calculate the higher and 
loner heatmg values of methiie at constant pressure 
Solution —The combustion equation for methane is 
CH,+2 0, — >■ COj+2 II/) 
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The volume per mol of gas under the given conditions equals 
MET _l(1545)(77+460) _ 

144(14.7) 

The number of mols in the 2 cu ft of -water vapor formed equals 

2 

2^=0.0051 mol 


and the weight of water vapor is 0.0918 lb. 

The higher heating value at constant pressure is 

Qjji> = 934+(0.0918-0.05)1050.4=978 Btu per cu ft 
The lower heating value at constant pressure is 

934 — (0.05) (1050.4) =881.5 Btu per cu ft 


Ans. 

Ans. 


The difference between the heating values at constant pressure and 
constant volume is very small and is generally neglected.* 

It should be noted that liquid fuels are supplied to the calorimeter 
in the liquid state. The fuels are vaporized at the expense of the sensible 
heat of the products of combustion. If the fuel is vaporized (as it is in the 
intake manifold of an engine), the heating value exceeds the heating value 
of the liquid by an amount equal to the latent heat of the fuel. However, 
the energy supplied that is chargeable to an engine is the heating value 
of the liquid fuel (unless the engine uses a gaseous fuel). Because the air 
and fuel flow into the engine and the products flow away from the engine, 
the heating value to be used is the heating value of flow, which equals the 
constant-pressure heating value. 

There is considerable controversy as to whether the higher heating 
value or the lower heating value is to be used in determining the energy 
supplied to an engine. Strictly speaking, neither of these heating values 
is the correct one. An engine having a very high thermal efficiency would 
cool the products down to the temperature of the entering air-fuel mixture. 
In doing this, there would be partial condensation of the water vapor of 
combustion, and the energy released would be intermediate in amount 
between the higher and lower heating values. This must be the correct 
energy chargeable to the engine, f However, as was pointed out in the first 
part of this article, many factors affect the amount of condensation; hence, 
the actual heating value varies from day to day. In order to have the 

* If the final volume of the products of a constant-pressure combustion exceeds the 
original volume, part of the fuel energy must be used to push the atmosphere out of the 
way. In this case, the heating value at constant pressure is less than that at constant 
volume by a quantity equal to the work done in pushing the atmosphere out of the way. 
If the final volume of the products is less than the original volume, the constanl^pressure 
heating value exceeds the constant-volume one by a quantity equal to the work done on 
the gas by the atmosphere during the volume contraction. 

t It is true that no actual engine can cool the products down to the temperature of 
the entering air-fuel mixture. This, however, does not in any way fix or limit the amount 
of energy chargeable to the engine. 
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energy chargeable to the engine a fixed quantity, it is desirable to make an 
approximation and select either the higher heating \alue or the loner 
heating value In the United States, many engineers charge on engine 
wth the higher heating value, although there is some tendency, par- 
ticularly among the gas-turbine engineers, to use the lover heating value 
Of course, thermal efficiencies calculated by use of the lover heating values 
are matenally higher 

Approximate higher heating values of gaseous fuels at constant pressure 
arc given in Table 13-1 

TABLE 13-1 

APPROXIMATB HIGHER HEAimG VALtTES OF GASEOUS FUEIS AT CONSTANT PRESSURE 
[Btu per moT) 

Fuel I Formula I Heat ng % alue I Approx mate Latent Heat 


Ht 123 000 

CO 121,700 

Cfft 333 000 

CilhO C06 200 

CHiO 328 GOO 

C,Ht 1,417 000 15 000 

CJ/,. 3 368 000 18 000 

Cuff,, 3,499,000 23000 


Hydrogen 
Carbon monoxide 
Methane 
Ethyl Alcohol 
Metnyl Alcohol 
Benzene 
Octane 
Dodecane 
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IMPERFECT GASES 

14^1- Factors Causing Gases to Be Imperfect. — ^Thus far, gases have 
been considered to behave in either of two ways. Some were so nearly like 
perfect gases that they were treated as such for ordinary engineering cal- 
culations; the properties of others differed so radically from those of perfect 
gases that there v^as no hope of dealing with their changes of state in any 
simple manner and it was therefore necessary to use tables of their proper- 
ties. However, although under certain conditions any gas approximates a 
perfect gas, all known gases may be liquefied. As they approach their 
point of liquefaction, their deviation from perfect-gas laws is marked. 
There are tables of properties for a few substances Ov^er a wide range of 
conditions, but tables of thermodynamic properties of most substances 
are sketchy and, in many cases, of questionable accuracy. Hence, it is 
desirable to see the factors which cause a gas to deviate in its behavior 
from a perfect gas and to ascertain, if possible, methods of allowing for 
these deviations. 

In Art. 2-5, it was pointed out that, for a gas to be perfect, there were 
no appreciable intermolecular attractions. As the force between molecules 
is inversely proportional to some power* of the distance between the 
molecules, the number of molecules per unit volume is an important factor 
in predicting the amount of intermolecular attraction. This means that» 
for any given temperature, the higher the pressure, the closer together will 
be the molecules, the greater will be the intermolecular attractions and the 
greater will be the deviation from the perfect-gas laws. 

The molecules on the average may be far apart; but, because of con- 
tinuous molecular motion, many molecules will come close to each other 
and some will collide with one another. Under these conditions, inter- 
molecular attractions will tend to prevent straight-line molecular travel. 
Resisting this interference with their straight-line travel is the inertia of 
the molecules. By virtue of their velocities, they tend to persist in a 
straight-line path. The higher the kinetic energy of the molecules, the 
greater will be their inertia. As temperature is a measure of the mean 
kinetic energy of the molecules, it follows that the higher the temperature, 
the more the molecular inertia tends to counteract intermolecular attrac- 
tions. 

* There is some reason to believe that the intermolecular force is inversely pro- 
portional to about the seventh to ninth power of the distance between the molecules. 

255 
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Although the part played by temperature and pressure is recognised 
in predicting the tendencies of actual gases to deviate from the perfect gas 
law the amounts of the devaations cannot be determined if only the 
temperature and pressure are knoum The deciding factor seems to be 
the relations of these temperatures and pressures to the cntical tempera 
ture and pressure of the substance in question In Fig 14-1 is shown the 



400 eoo eoo i ooo 1 200 1 400 

Fie Error la Calculated Specific Volume 


effect of pressures and temperatures on the error m the calculation of 
specific N olumes of steam by use of the perfect gas law It should be kept 
in mind that the critical pressure of steam is 3200 2 psia and the cntical 
temperature is 70o 4 F A curve of errors in calculated \ olumes for other 
substances would show roughly the same percentage errors if the condi 
tions at which the other substances existed bore the same relations to their 
respectn e cntical conditions as docs the steam (le a substance existing 
at 30 per cent of its cntical pressure and 80 per cent of its cntical tempera 
ture should ha\ e about the same error in its calculated specific volume as 
would steam when the steam was at 30 per cent of the cntical steam 
pressure and 80 per cent of the cntical steam temperature) 
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';^14-2. Variable Specific Heats. — The specific heat of a perfect gas 
is a constant. Over a small range in temperature, there is little variation 
in the specific heat of the so-called permanent gases. However, over a 
vide range of temperatures the specific heat cannot be taken as a constant. 
In general, specific heats are affected by temperatures, pressures, and the 
pumber of atoms per molecule. The specific heats of even perfect gases 
depend on the number of atoms per molecule. In the case of an actual 
gas, the behavior of the atoms in the molecule causes variations in the 
specific heat. Hence, it is desirable to analyze the effects of the atoms on 
specific heat, first in the ideal case and then in the actual case. 

Gas molecules, as was indicated in Chapter 2, have motion in three 
planes. As the pressures exerted in the three planes must be equal, the 
means of the squares of the velocities in the three planes must also be equal. 
Thus, the mean kinetic energy of the molecules traveling in one plane must 
equal the mean kinetic energy of the molecules traveling in each of the other 
planes. The total energy of translation of the molecules equals three 
times the energy of the translation in one plane. 

1 — 2 

In Art. 2-6, it was shown that PV^ m Vel . From Art. 13-2, 
PV=MBT. Therefore, ^ N mYel =MBT. But the energy of transla- 


tion equals 


Hence, 


N m Vel 


Am Vel 

2 .. 


"2 f7translation 


U translation — B P 


or ?/translation — ^A£BP 

The total molecular energy is U^MCvT, where Cv is the molal specific 
heat at constant volume. In case the molecule can possess only energy 
of translation, then U = l/transiation and 

^translation T 

Equating the two equations for f/transiation, we obtain: 

Imbt=aic,t 

or C,=\b 

As the energy of translation expressed in terms of velocities will be in 
foot-pounds, C, wUl be in foot-pounds per mol per deg F. On the Btv 

basis, C.=| j=2.978. 
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If, in deriving the relations between C, and Cp in Art 3-6, quantities 
were evaluated on the mol basis, rather than on the pound basis, then it 

would be found that Cp= j Substitutmg for C„ we have 


The adiabatic exponent is 

IB 

C7r35“3 

2J 

The molal specific heats Cp and C, as well as the value of h, of 
monatomic gases agree with the foregoing values very closely How ev er, 
the specific heats for other gases differ greatly from these values This 
fact leads to the conclusions that gases other than monatomic must 
possess energy in excess of their energy of translation Consider the 
diatomic gas Assume that its two atoms are held at a fixed distance from 
each other and that the two together behave as a ngid entity Con- 
ceivably, this molecule wnll have three degrees of rotation around its three 
principal axes How e\ er as the mass of the atom is concentrated in its 
nucleus, which is located at its center, the molecule can possess no appreci 
able energy of rotation about the axis running through the two atoms 
It does, however, possess energy of rotation about its other two axes 
Boltzmann demonstrated that the energy of rotation about each axis 
must equal the energy of translation in one plane This result will be 
accepted as the demonstration is beyond the scope of this text Earlier 

in this article it was shown that the total energy of translation was ^ MBT 
and that the energies of translation m the three planes were equal Thus 

the energy of translation m each plane equals ^i^MB'^=^MBT Or 

the energy of rotation about each axis equals ^ MBT The total molecular 
energy of a diatomic gas should be 


u,.,^J^mbt+2{^mbt^^\mbt 

Since t;«ui= MC,T, 

^MBT^MC.T 
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5 

or Cv= 2 ^ ft-lb per mol per deg 

Also, (7^ =^^= 4.903 Btu per mol per deg 

As Cp=C.+|, 

03 ,==-— =6.948 Btu per mol per deg 


7 

and *=^=1=1.40 

0 V o 
2 


The specific heats of such diatomic gases as oxygen, nitrogen, and car- 
bon monoxide agree with these values within 1 per cent at standard atmos- 
pheric pressure and at 32 F. The specific heats of many diatomic gases 
exceed the foregoing values even under such conditions. At high tem- 
peratures the specific heats of the so-called permanent diatomic gases also 
exceed the values obtained by this simple theory. 

Gases possessing more than two atoms per molecule have molecular 
energy, in addition to the energy of the diatomic gases, equal to the 

energy of rotation about the third axis, or ^ MBT. The total molecular 

0 

energy of such a gas equals Equating this to the molecular energy 

0 

expressed in terms of (7v, we obtain -^MBT=MCvT or 


Cv = SB ft-lb per mol per deg 
Also, Cr=3y= 5.955 Btu per mol per deg 

Then C7p= 4^=7.940 Btu per mol per deg 

and 

In general, the specific heats of polyatomic gases are higher than the 
values obtained by this simple analysis. This fact leads to the conclusion 
that gases other than monatomics possess additional energies. The atoms, 
particularly at high temperatures, must move in relation to each other 
and hence possess this additional energy. The evaluation of this energy 
is beyond the scope of this text, but it may be mentioned that the specific 
heat depends on the frequency of vibration of the atoms and on the 
temperature, and that it increases as the temperature increases. 



T*fnper3*uf«, *F 

Fig 14-2, The Efiect cf Temperature and Pressure oa C. of Various Cases* 
As the specific heats of gases do not t arj in a ctraight hne with tem- 
perature when there is a large change m temperature, it is necessarj to 
perform an integration to determine the beat added The procedure is 
illustrated in the following example 


•Fa FTJ^nrwy} \ Xoll sod \ H <J»»- "Thf fe Jlnt of CmIjmi C»«« orrr Wnfc 
IUse«« of Pnwurw »nd TnnpCTmtum. Coroc I InJ t> to<io«nna EipmniMH «Ut*» Bui 

lettfi » Ittd by pmussian of It* author*. 
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Temperature, °F 

Fig. 14-3. The Effect of Temperature on Cp, C>, and k of Dry Air at Various Pressures (see Footnote, p. 276) 
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'kExampU i4~i —Nitrogen is heated at constant pressure from 240 F to 2540 F 
Calculate (a) the heat added per mol, (6) the w ork done per mol (non flow), (c) the 
mean molal specific heat at constant pressure over this temperature range 

Solulton — (o) It will be assumed that the prwsure on the nitrogen is not extremely 
high and that the equations of Sw eigert and Beardsley will give sufficiently accurate 
results By the definition of C, the product of C, and dT equals dQ per mol This is 
shown as the cross-hatched area m Fig 14-4 The total area underneath the curve 1-2 



Substituting for Cp the value given by Sweigert and Beardsley, we obtain 


But, in this problem, M = 1, 7* 
For these values the heat added is 


j^^^„jk«^+us^yT 

JI/j^947(7’,-ri)-3 47X10*log.^+l 


=-2540-}-460 =3000 K, and T, -=240+400 -700 R. 


iQi= lj^9 47(3000-700) -3 47X10^ log. ^+1 

Btu per mo 
, may be foi 
irgy is know 

Vt-Vi’-M r Cpd 


« 21,781 -5050+1270- 18,001 Btu per mot 
(5) The work during addition of heat may be found by use of the general energy 
equation, when the change in intrinsic energy is known Thus, 
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Since Cv 



U,-Ui=M dT=Mj^ C^dT-M^ = 18,001 - J'^dT 

dr=i2<^(3000 -700)=4567 Btu 


But 

Therefore, 


MB 

J 


U 2 -Ui = 18,001 -4,567 = 13,434 Btu 


and = 18>001 -13,434=4,567 Btu 

from which iWkz = 3,553,500 ft-Ib Ans, 

As the process was a constant-pressure one, the work done could have been found 
as follows: 

iWkz - P(72 - Ti) = MBiTi - Ti) = 1 X 1545(3000 - 700) = 3,553,500 ft-lb Ans. 

(c) The mean molal specific heat is that specific heat by which the product of the 
temperature change and the number of mols must be multiplied to give the heat added. 
Thus, the mean molal specific heat equals 

Af (rf- Ti)^lX (3000 -700) "" P®'’ 

Comparison of this value of 7.827 with the value of 5.948 for the ideal diatomic gas 
shows the effect of temperature on the specific heat. 


Because of the work involved in integration, it is desirable to find 
other means of calculating heat added in case the specific heat varies. 
Such means are provided in Table 14-2, based on the work of Hershey, 
Eberhardt, and HotteL* Table 14-2 gives values of intrinsic energies of 

PV 

various gases at various temperatures, as well as values of the term — p. 


The effect of temperature on intrinsic energy is taken into account. The 
datum plane for this table is 60 F; the intrinsic energy cf the gas is assumed 
to be zero at this temperature. 

Example 14 - 2 , — Using Table 14-2, compute the heat added in Example 14-1. 

Solution , — As the process is a constant-pressxire one, the heat added equals the 
difference in enthalpies, which is 

Ui ) + 

Substituting for these quantities their values from Table 14-2, and using straight-line 
interpolation for values at 700 R, we obtain: 

iQ 2 =ff 2 -Ri = (14,236 -897)-(-(5957-1390) = 17,906 Btu Ans. 

In addition to its value when determining temperature rises due to 
addition of heat, Table 14-2 is of value in computing chemical energies 

* R. L. Hershey, J. E. Eberhardt, and H. C. Hottel, “Thermodynamic Properties 
of the Working Fluid in Internal Combustion Engines." S.A.E. Transadions, Vol. 
31, p. 409 a936). 
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of fuels. Chemical energy" is that energj- contained in a fuel which will 
be released when the fuel is completely burned. It is approximately 
equal to the lower heating value of the fuel at constant volume. It is of 
particular value in computing the maximum possible temperature rise 
during combustion. 

Unlike heating values, the chemical energy of a fuel is a fixed quantity 
and is independent of both the nature of the combustion process and the 
initial temperature of the air-fuel nnxture. However, there is no direct 
way of measuring chemical energy. It must be calculated from a measured 
heating value. For a non-flow const ant-volume combustion process, the 
energy equation is 

b sir and fuel +Chem. Energyf,iei=Uprod.+Qr 


Because absolute values of intrinsic energies cannot be obtained, the 
energies must be calculated with respect to some datum plane. Hence, 
the calculated values of chemical energies are not absolute values, but 
depend on the datum plane used in calculating the intrinsic energies. 
Although calculated values of chemical energies are thus dependent on a 
datum plane, they are independent of both the nature of the combustion 
process and the initial temperatiue of the air-fuel mixture. Once a 
chemical energy is obtained, care must be taken to use the chemical energy 
with intrinsic energies having the same datum 'plane. 

'ir Example 14-8 . — Gaseous octane, Csffis, has a liigher heating value at constant 
pressure of 2,368,000 Btu per mol at 77 F. Calculate the chemical energy per mol. 

Solution . — The enei^^ equation for constant-pressure combustion, as shoum in 
Art. 13-7, is 

ffair and fuelFChem. Energy = fl^producta “hQ-ffP 

The combustion equation for CsEis is 

CsFi5-fl2| 02-1-47 iV: — ^ S C02-f-9 

Then the energy equation becomes 



, -J-Chem. Energy i moi = 

12; tno!^ CU 



■4-Qhp 1 mol CgB^ 


The water must be in the liquid form, as the heating value given is the higher heat- 
ing value. As the enthalpy of water equals the enthalpy of the vapor minus the enthalpy 
of vaporization, 

( — (ff/f) » mob wsur rapor 

V J /S mob water \ J /9 mob water Tapor 

♦ Nitrogen does not have to be considered here, as the nitrogen is cooled down to 
its original temperature, possessing its original energj*. 
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One of the earliest of such equations was that of Van der Waals in 1873. 
Van der Waals realized that the two outstanding faults of the perfect-gas 
equation of state were that it neglected the effect of intermolecular attrac- 
tions and it also neglected molecular size. Thus, because of intermolecular 
attractions, the observable pressure exerted by an actual gas is reduced 
below that of a perfect gas. To obtain the true pressure, the observable 
pressure must be increased by a factor which accounts for the inter- 
molecular attraction. Van der Waals reasoned that this attractive force 
is inversely proportional to the square of the distance between the molecules 
and, hence, inversely proportional to the square of the specific volume. 
The true free volume, in which the molecules may travel, equals the 
observable volume minus the total volume of the molecules themselves. 
When these corrections are made. Van der Waals’ equation of state 
becomes: 

(p+Y^{V-h) = RT (14-1) 

In this equation, a and b are constants, the values of which are given 
in Table 14-3. Common practice in the use of Van der Waals^ equation 


TABLE 14-3 

VALUES OF THE CONSTANTS* IN V^ DER WAALS* EQUATION 


Substance 

1 

a 1 

b 

Air 

344 

0.587 

Argon 

346 

0.618 

Carbon Dioxide 

925 

0.686 

Carbon Monoxide 

375 

0.634 

Hydrogen 

62.8 

0.427 

Methane 

577 

0.683 

Nitrogen 

346 

0.618 

Oxygen 

350 

0.510 

Sulfur Dioxide 

1730 

0.909 

Water 

1400 

0.488 


♦These constants are based on the use of the following units in Van der Waals* equation: P in 
atmospheres; V in cu ft per mol; T in degrees Kankine; and R —0.729. 


is to express the pressure P in atmospheres, the volume V in cu ft per mol, 
and the temperature T in degrees Rankine. The values of the constants 
in Table 14-3 are based on these units. When these units are used, the 
value of R for aU substances is 0.729. 

The discrepancy between the value obtained by Van der Waals’ 
equation and the value obtained by the perfect-gas equation and the actual 
value is shown in the following example. 
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'^Example 1^-5 — A pound of steam occupies 1 000 cu ft at a temperature of 820 P 
Compute the pressure it exerts by use of Van der Waals' equation, and compare thia 
pressure with the value calculated by use of the perfect-gas equation and also with the 
steam table value 

Solution — Solving Van der Waals’ equation for P, we obtain 


The volume per mol is 1 X 18 = 18 cu ft Then, 

n 0 729(820-1-460) 1400 . . 

^~~ i8 0Q— 0488 (18)*~ atmospheres or 719 7 psia Ans 

For the perfect gas, 

MET ^(1545)(820-)-460) 

P = — y~= j = 109 S60 lb per sq ft or 762 9 psia Ans 

For the given conditions the steam table gives a pressure of 720 psia 

If Example 14 5 were repeated for steam having a specific volume of 
0 102 cu ft per lb at 720 F, Van der Waals’ equation would give a pressure 
of 3422 psia, while the perfect-gas value vould be 6883 psia and the 
steam table value is 3206 2 psia 

The foregoing examples show that Van der Waals’ equation is a great 
improvement over the perfect-gas law s under some conditions However 
under certain conditions, the results calculated by use of Van der Waals’ 
equation are too inaccurate for engmeenng purposes For this reason 
several individuals have developed equations of state to obtain greater 
accuracy These equations are more accurate but are more involved 
than that of Van der Waals One such equation is the Beattie-Bndgman 
equation, which is 

py= bt[f+b.(i (14-la) 

In this equation, q, b, Aq, and c are empirical constants This equation 
produces accurate results over a wade range of conditions However, 
because of the labor involved in its use, the average engineer prefers to 
try to find other means of obtaimng gas and vapor properties 

'^14-4 Correspondmg States — It would seem reasonable that the 
properties of various gases would be similar to one another if the gases were 
at similar conditions Van der Waals decided that gases would be under 
similar conditions if their vanous properties were the same proportion of 
their respective cntical properties Properties expressed in terms of 
cntical properties are known as reduced properties Thus 
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p 

Pr (14— 2a) 

T 

(14-2b) 

T^s=^ (14-2c) 

The subscript R denotes “reduced,” and the subscript c denotes “critical.” 
^Tien no subscript is used with the property, the actual value of the prop- 
erty is to be used. 



I EL. 

Fis- 14 - 5 . Line of Constant Temperature 

The relationship between properties of substances obeying Van der 
Waals’ law may be obtained by a study of this law. The formula for 
PT a 

the pressure Is P=y — ^ constant temperature equal to the 

critical temperature appears on the P-V plane as shown in Fig. 14-5. 
At the critical point, and ^^^ = 0. But, for Van der Waals’ 

equation, 
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At the cntical point, 


(^\ - .20 
\dVjT 

RT, 2a 

f <PP\ 2RT 6a 
Vdrvr {V-by F* 


2RTc Go 

(v^~by V* 

3a(r^-^ 

■a J f 

Combining equations 14-3 and 14-4, n e obtam 


When this \alue of F. is substituted in equation 14-^, 


Substitution of the \ alues of and Tc in the equation Pc = 


If equations 14 2a, 14 2b, and 14-2c be soh ed for \ alues of P, T , and 
T, respectively, and the values of P,, I’’,, and T, be substituted for those 
quantities, the following equations Mill be obtamed 


Substituting these v alues m Van der Waals’ ongmal equation, we obtain 
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Multiplying each side of this equation by — and simplifying, we get: 

An examination of equation 14-8 shows that the gas constants have 
been eli min ated and that the equation therefore holds for all gases obeying 
Van der Waals’ equation. This equation indicates that all gases which 
obey Van der Waals’ equation have similar properties when they exist at 
the same proportion of their respective critical conditions. Table 14-^ 
contains critical-point data on several commonly used substances. 

TABLE 14-4 

CRITICAL PRESSURES Aim TEMPERATURES 


{Based on Data International Critical Tables) 


Substance 

Formula 

Critical Pressure 
psia 

Critical Temperature 

Air 


547 

-220.3 

Alcohol, Wood 

CHaO 

1156 

464,0 

Alcohol, Grain 

CJI^O 

927.5 

469.6 

*Ammonia 

NHz 

1657 

271.4 

Argon 

A 

705 

-188.3 

Benzene 

CcHe 

701 

551.3 

Carbon dioxide 

COi 

1074 

88.0 

Carbon monoxide 

CO 

514 

-218.2 

Helium 

He 

33.2 


Hydrogen 

H 2 

188.2 

-399.8 

Methane 

CHk 

673 

-116.5 

Nitrogen 

N 2 

492 

-232.8 

Oxygen 

Oz 

731 

-181.8 

Sulfur dioxide 

SOz 

1143 


fWater 

HzO 

3206.2 

705.4 


♦ Values for annuonia taken from Bureau of Standards Circular No. 142. 
t Values for water taken from Keenan and Keyes Steam Tables 


As has been discussed in Art. 14-3, Van der Waals’ equation does not 
yield accurate results for all conditions. Hence, it would appear that the 
properties of various gases are not similar, even imder the same relative 
conditions. However, if the properties of various gases deviate from 
Van der Waals’ equation in the same manner, the properties would be 
similar. Considerable investigational work has been done to discover 
whether or not a similarity in properties actually exists. It appears that 
there is some correlation between the properties of various substances, 
but that the correlation is not perfect. However, in general the correla- 




274 


ENGI^EEKI^G Thermodynamics 


tion IS good, and, even m the worst cases, such a correlation — ^while not of 
sufficient accuracy for refined engineering w-ork— is of sufficient accuracy 
for rough calculations 



jopej fi q SS9 d 11)03 


One way m which use is made of the sumlanty of vanous substances is 
m the adjustment of the perfect-gas equation of state by means of a 
compressibihty factor The compressibihty factor is a factor which must 
be introduced into the perfect gas equation of state to make it ^ ahd 
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The value of the compressibility factor varies with both temperature and 
pressure. This variation is shown in Fig. 14—6, which is taken from 
Hougen and Watson.* The adjusted equation of state becomes 


PV^CMBT 

where C' is the compressibility factor. 


( 14 - 9 ) 


'^Example i^-^.—Calculate, by use of Fig. 14-6, the specific volume of steam under 
a pressure of 5000 psia at 1200 F, and compare the result with the steam-table value. 

Solution .— critical pressure of water is 3206.2 psia, and its critical temperature 
is 705.4 F. Then 


Pr^ 


5000 

3206.2 


= 1.56 and Tr — 


1200+460 

705.4+460 


-1.424 


For these values, the compressibilityfactor from Fig. 1+6 is 0.84. If this factor is used, 
the specific volume equals 


y = 


C'MBT 


0.84(^) (1545) (1200 +460) 


P 144(5000) 

The steam-table volume is 0.1696 cu ft. 


= 0.166 cu ft 


Ans. 

Ans. 


Considerable work has been done in establishing the similarity between 
some properties of various substances. Much more work may be done 
along these lines. Engineers should utilize the work that has been done 
and should encourage additional work. 

^14-5. General Equations of Thermodynamics.- — Up to now, sub- 
stances have been handled by being divided into three classes: (1) perfect 
gases, for which perfect-gas laws may be used; (2) vapors, for which tables 
are available; and (3) imperfect gases and vapors, for which means such 
as those discussed in Art. 14-4 are employed in property determinations. 
It is possible to establish property relations that apply equally well to all 
classes of substances. These equations are known as the general equa- 
tions of thermodynamics. The number of such equations is very large 
and the derivation of many of them is involved. Only a few of these 
equations will be derived here to show the method applied and to point 
out their usefulness. 

As many of these equations are differential equations, it is desirable 
to review very briefly some facts concerning equations of this t3q3e. 

Suppose Z=f(X, F). Let there be an infiinitesimal change in Z when 
Y is held constant. Then let there be an infinitesimal change in Z when 
X is held constant. The total change in Z is 

* Industrial Chemical Calculations, by O. A. Hougen and K. M. Watson, John Wiley 
and Sons. 
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Equation 14-10 is said to be a perfect differential equation, as it is based 
on quantities that are functions of one another The test for determining 
whether an equation is a perfect differential equation is as follows In a 
perfect differential equation the derivative of the first coefficient in respect 
to the second variable must equal the derivative of the second coefficient 
in respect to the first vanable This may be shown as follows 


(PZ 




Therefore, 


Jdz') Jdz\ 
\dx) Asr/ 


'dXdY 


(14-11) 

Such quantities as -nork may be evaluated in terms of pressure and 
volume changes once the path is known It is therefore possible to wnte 
a differential equation inv olvmg these variables Thus, 


dCWk) = 


dP+ 




Such an equation is an imperfect differential, as the work is not a point 
function dependent on P and T, but is a path function While the 

coefficient ^ fixed when the relationship between X Y, and Z is 

fixed, the coefficient not fixed until the path is fixed 

Suppose that general equations are desired to evaluate changes in 
intrinsic energy, enthalpy, and entropy These may be obtained as follows 
In the derivations of these equations, all quantities will be put on the 
pound basis, and to avoid carrying along the term J, both Q and U will 
be expressed in foot pounds Start with the general energy equation 

dq^du+pdv (14-12) 

or du — dq~pdv (14-13) 


(14-14) 


But, as q vanes with T and v, 

The coefficient recogmzed as c. Let 

coefficient of volume expansion Substituting these values in equation 
14-14 and then substituting for dq in equation 14-13, we obtam 

du^c,dT+(h-P)dv (14-15) 
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Much data exist on the value of c^. This is not so regarding U. Hence, 
it is desirable to find a substitute for For a reversible process, 


dq= T ds 



Substituting for dq the value obtained from equation 14-14 by use of 
the coefficients and U, we obtain 


ds = 


Cv dT j ^ 

rrt 


( 14 - 16 ) 


But s is a point function, and s—f{T,v). Therefore, 

Comparison of equations 14-16 and 14-17 shows that 

Cy / ds\ 

T~\dTjy 

Equation 14—18 gives a means of determining Zr, but the quantity 

is not readily obtainable and hence should be evaluated in terms of other 
quantities. 

Because we have need of one of the four relations of Maxwell at this 
point and have need of others later on, all four of these relations vdll be 
derived. Maxwell derived these relations by taking the quantities zi and 
Gibbs' three fimctions denoted by x (or Z^), f, and 
From equation 14-13, 

du = dq—P dv 

Substituting for dq its value T ds for a reversible process, we get 

d 2 i=^T ds—P dv 



This is a perfect differential equation, as zi=/(s, v). Hence, 



( 14 - 19 ) 


This is the first of Maxw’eU's relations. To find the second, start \vith 
the relation 


dh = du+Pdv+vdP 
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Since du-^rP dv^dq=T ds, 

dh>=Tds+v dP 

Also, as h=f(8, P), 

To find the third of Maxwell’s relations, use the Gibbs function C 
As t—h— Ts, 

d^ = dh— T ds — s dT 
Substituting T ds-\-vdP for dh, 

T ds+v dP~ T ds~sdT=vdP-s dT 

As r=/(P, T), 


/d^ / ds\ 

\dT)p~ \dP)r 


To find Maxwell's fourth relation, use the Gibbs function ^ As 
Ts, 

d^ = du— T ds—s dT 

But, du—dq — Pdv, and, for a reversible process, dq=T ds Hence, 
d\}/=T ds — P dv—T ds—s dT 


As^ =/(«,T). 




We will now proceed with the denvation of an expression for du 
From equation 14-18, U= Substituting for it® value from 

equation 14-22, we get 


Substituting the value of l„ from equation 14-23 m equation 14-15, we 
obtain 




Equation 14-24 requires, for its use, a knowledge of the variations of 
c, with T in the region where the change in intrinsic energy is desired and 
also requires an equation of state which is accurate m this region 
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To establish an equation for the change in enthalpy, df/i, start with the 
general expression for dh, which is 


dli = du'\-P dv‘\‘V dP = c?g+z; dP 

(14r-2S) 

Since dq varies with P and T, 



(14-26) 

The coefficient is recognized as Cp and the coefficient is 

the coefficient of pressure expansion, or Ip. Substituting these values in 
equation 14-26 and substituting the resulting value of dq from equation 
14-26 in equation 14-25, we obtain 

dh^CpdT+lp dP-\-v dP 

(14-27) 

As in a reversible process, it follows from equation 14-26 that 

, Ip dP , Cp dT 
dS= 

(14-28) 

Since s=f{T,P), 



(14-29) 


Comparison of equations 14-28 and 14-29 shows that 



II 


and 

From equation 14r-30, 

11 

: ® 

(14-30) 


4^ 

11 

(14-31) 

Substituting the value of 

from equation 14-21 in equation 14-31, 

we obtain 

1 = —( — ^ T 

^ \dT)p^ 

(14-32) 
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Substitution of the \ alue of fp from equation 14-32 m equation 14-27 
gives 

= (14-33) 

Equation 14-33 requires, for its use, a knowledge of the variations of 
Cp with T and also an accurate equation of state for the regions m which 
the change in enthalpy is desired 

An expression for entropy change that involves c, and relations of 
T, P, and r for the substance in question may be derived by substituting 
the value of Z, from equation 14-23 m equation 14-lG Thus, 

ds~c.^^+(^d« (14-34) 

The general equations of thermodynamics are extremely useful in 
tying together v arious thermodynamic properties which have been deter- 
mined experimentally This use may be illu'itrated by setting up a rela- 
tionship between the change in enthalpy and the change m volume during 
V aponzation of a liquid 

Equation 14-23 is Since, by defimtion, = 

KS).-®), 

For a saturated vapor, 



or 

Equation 14-35, which is knowm as the Clapeyron equation, points out 
the relationship that must exist between the enthalpy change during 
vaponzation, the volume change during vaporization, and the rate of 
change of saturation pressure with temperature at any given temperature 
If expenmental results do not fit into equation 14-35, then one or more of 
the expenmental results must be in error 
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AIR CONDITIONING 

15-1. Air Conditioning; Its Meaning and Use. — ^Fundamentally, the 
term air conditioning means the act of putting the air in the proper condi- 
tion for the use desired. This may mean an adjustment of the cleanliness, 
the temperature, and the water-vapor content (humidity) of the air. 

The problem of cleanliness is a mechanical one. It is concerned with 
the removal of dirt and dust, smoke, odors, and other impurities. Dirt 
and dust may be removed by mechanical filters. Passing the air through 
liquid baths or spraj^s (oil or water) reduces not only the dirt and dust 
content but also the smoke and odor. Further consideration of the prob- 
lem of cleanliness is beyond the scope of this text. 

The problem of adjusting the temperature and humidity of the air 
is a thermod^mamic one and is the subject of this chapter. 

The iises of air conditioning can be dirided into two general classes: 
(a) industrial air conditioning and (6) air conditioning for comfort. In 
some cases the two classes may overlap. For instance, an industrial 
operation may require reducing both the temperature and humidity of 
the air in summer. This will also increase the comfort of the personnel. 

Air conditioning has made it possible to manufacture a better product 
at a higher rate in such diversified fields as book and newspaper printing, 
bakeries, textile manufacturing, and candy making. Air conditioning 
has been applied to the air supplied to blast furnaces. Because of the 
veiy large quantities of air required by blast furnaces, such air-conditioning 
installations are large and expensive. It has been stated that the increased 
production of pig iron justifies the high installation and operating costs, 
although some operators question this. In addition to the fields just 
mentioned, high-temperature air is used to a large extent for drying, f.c., 
remo\Tng various types of liquids from products which became wet in the 
process of their maniLfacture. 

Air conditioning for comfort* is becoming almost a prerequisite for 
success in the merchandising field, particularly in the southern part of 
the United States. In addition to stores of all sorts, other businesses 
that are being air-conditioned to a large extent are hotels, theaters, and 

* The specifications for air that is comfortable depend on many factors, such as air 
velocity, kind of activity of the individual, outside temperature, and individual pref- 
erences. The discussion of these items is beyond the scope of this text. See the 
‘‘Guide^^ of The American Society of Heating and Ventilating Engineers for a good 
treatment of this subject. 
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restaurants The gain in customer good will is reflected by such an 
increase m business that air conditioning more than pays for itself In the 
home, where there is no such financial gam possible, summer air condi- 
tioning has lagged Another factor causmg the lag is that in the normal 
home the number of persons together at once is small, hence, the mcrease 
m air temperature as a result of body heat is not so great as it is m places 
of public gatherings One factor which is heepmg down the demand for 
household air conditiomng is the high mitial cost In turn, the cost is 
kept high by the low rate of production Certainly, any great increase in 
demand should be accompanied by a lowermg of the initial cost and vice 
versa 

15—2 Fundamentals — (a) Absolute and Rdahtc Humirfitees When 
the atmosphere contains no water vapor, the mixture of gases is known 
as “dry air " If any water v apor is present, the gaseous mixture is called 
‘ wet air,” i e , a mixture of dry arr and water vapor In most humidity 
problems, the total pressure of the net air is seldom very much greater 
than atmosphenc and each of the indivudual partial pressures is only a 
fraction of this amount Furthermore as the temperatures encountered 
are rarely very high (* e , above 150 F), the specific heats of the consti 
tuents of the air may be considered constant , and all the gases, including 
water vapor, may be treated as perfect gases for ordinary engineenng 
calculations Thus, Dalton’s law of partial pressures applies, and it may 
be assumed that each gas occupies the entire volume at its own partial 
pressure None of the gases depends on the others for its existence The 
diy air does not “hold” the u ater v apor any more than the water vapor 
“holds” the air 

The amount of w ater v apor m a giv en space is specified by the absolute 
Jmmtdiiy of the air The amount of space mvohed may be the total 
V olume encountered or it may be a umt volume — say the cubic foot The 
amount of the vapor is specified by its weight This maj be expressed 
in pounds or m grams There are 7,000 grams per pound 

The maximum amount of water vapor that can be present m a given 
space depends on its temperature If the pressure of water vapor m a 
given space is less than the saturation pressure for the given temperature, 
but some water is present, vaponzation will continue until the pressure 
reaches the saturation pressure for the given temperature This is true 
whether or not air is present, although the presence of air prevents boding 
Relative humidity is used to express the degree of ‘saturation of a giv en space 
It IS defined as the ratio of the amount of water vapor present in a given 
«'pace to the amount that would be present in the same space if that space 
were saturated at the same temperature Because a giv en space normally 
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is not completely saturated, the vapor pressure is generally less than the 
saturation pressure for the given temperature. Or, the actual vapor 
temperature exceeds the saturation temperature for the actual vapor 
pressure. Under these conditions, the water vapor must be superheated. 

This may be shown by reference to Fig. 15—1. Here is illustrated water 
vapor existing at point 1, at a temperature of 79.58 F and a pressure of 
0.2 psia. Steam tables show that the saturation pressure for 79.58 F is 
0.5 psia and that the saturation temperature for a pressure of 0.2 psia is 
53.14 F. Because the vapor at point 1 exists at a temperature in excess 
of 53.14 F, it is superheated vapor. 



Fig. 15-1. T-S Diagram Showing Superheated 
Water Vapor at Point 1 


It is difficult to determine directly the weight of vapor present in a 
given space. If the water vapor might be removed from the air, then the 
amount of vapor could be determined by finding the difference between the 
original weight and the final weight. However, although water vapor 
may be removed from air by cooling it or by physical-chemical means, 
complete removal of water vapor from the air is extremely difficult. Thus, 
other means must be used to determine the humidity of the air. If the 
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partial pressure of the \apor is available, the relative humidity of the air 
may be calculated by treating the vapor as a perfect gas Wntmg the 
peifect-gas laws for the actual vapor (indicated by the subsenpt act), 
we obtain 

(15-1) 

For V apor in the saturated state (indicated by the subsenpt sat), 

(15-2) 

When one of these tuo equations is divided bj the other and the 
relative humidity (R H ) is ‘substituted for where the weights are for 
the same v olumes at the same temperature'?, the result is 

R H (15-3) 

(b) Dew Point The actual pressure of the vapor may be determined 
if the dew-pomt temperature of the air is known As may be inferred 
from its name, dew-pomt temperature is the temperature at which dew 
starts to form The natural process of forming dew is a constant pressure 
coohng one Hence, “dew-pomt temperature” is that temperature at 
which condensation starts when wet air is cooled at constant pressure 
If the total pressure is kept constant as the air is cooled to the dew point 
temperature, the pressure of the mdividual gases must also remain con 
slant Thus, the pressure of the w ater v apor at the point where condensa- 
tion starts equals the ongmal water-vapor pressure But, when con 
densation starts, the water v apor is saturated The ongmal v apor pressure 
therefore equals the saturation pressure for the dew point temperature 
Pomt 2 m Fig 15-1 is the dew pomt Process 1-2 represents a constant 
pressure coolmg process to the dew pomt 

Although commercial means are available for dew-pomt detemuna 
tionsv such equipment seldom can be used convemently Furthermore, 
much care must be taken with most dew-pomt apparatus to obtain accurate 
results 

(c) Wet Bulb and Dry Bulb Thermometers A convenient means of 
obtaimng the partial pressure of the water vapor m the air is the psj 
chrometer This consists of two thermometers, a drj' bulb and a wet 
bulb, mounted side by side The dry bulb is an ordinary thermometer 
and measures the actual air temperature The bulb of the wet bulb 
thermometer is surrounded by a wick, which is kept moistened when in u'se 
The action of the w et bulb depends on continuous v aponzation from the 
wick There must therefore be positive motion between the air and the 
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wet bulb. This may be provided by attaching a handle to the psy- 
chrometer and rotating it. As the air passes over the wet bulb, some water 
vaporizes, tending to saturate the air in immediate contact with the wet 
bulb. The vaporization requires heat, which comes from the air and its 
vapor. This heat reduces both the air temperature and the wet-bulb 
temperature. 

Over a third of a century ago, Willis Carrier concluded that, in the ideal 
case, the action taking place at the wet-bulb thermometer was one of 
adiabatic saturation. The term “adiabatic saturations^ refers to the 
process of air becoming saturated in an adiabatic manner. In other words. 
Carrier assumed that room air, in the theoretical case, passed over the wet 
bulb, lea^dng the bulb saturated, with no heat coming in from the outside. 
As the water on the vdck was in intimate contact with the air, the water 
quickly assumed the temperature of the leaving air. Thus, Carrier 
reasoned that the observable wet-bulb temperature was that of adiabatic 
saturation. The adiabatic-saturation equation is one of steady flow and 
is as follows: 

(ITair H^vap ^ap) to bulb “I” (11^ water ^water*)vaporired 

= iW,i,h air“}“H^vap ^vap) from bulb (15-^) 

Carrier rearranged equation 15-4 and evaluated enthalpies in terms of 
temperatures and evaluated weights in terms of pressures, volumes, and 
temperatures. The reduced equation became 


2800- 1.3^' 


(15-5) 


where Pp== actual vapor pressure, psia; 

= saturated vapor pressure for the wet-bulb temperature, psia; 

= atmospheric pressure, psia; 
i=diy-bulb temperature, °F; 
wet-bulb temperature, °F. 

The following factors cause the actual wet-bulb temperature to differ 
from the theoretical temperature: 

(1) Radiation to the wet bulb from the surroundings. 

(2) Conduction along the stem of the wet-bulb thermometer. 

(3) Impact of the air on the wet bulb. 

Carrier made adjustments to equation 15—5 to account for these effects. 

However, a careful analysis of the action on the theoretical wet bulb 
has shown that the action there is not a truly adiabatic saturation process. 

* Strictly speaking, as the water on the bulb is at rest, its energy is of the intrinsic 
form. However, the intrinsic energy of the water is practically equal to its enthalpy. 



286 


Engineering Thermodinamics 


Surrounding the wet bulb is a very thin stagnant film of air and vapor 
The heat required for vaporization must be transferred through this film 
Hence, the air temperature leaving the wet bulb must exceed that of the 
wet bulb Water vapor must pass outward through the thin film to the 
moving air by a process of diffusion Hence, the partial pressure of the 
vapor m the air is less than that on the wet bulb In the case of certain 
liquids vaponzing into some gases, the combined effect of diffusivity and 
heat transfer through the stagnant film causes the observable vaponza- 



tion temperature to differ materially from the adiabatic saturation tem- 
perature (The wet-bulb temperature is a vaponzation temperature) 
In the case of water vaponzing mto air, however, when the air velocity 
over the wet bulb approximates 1,000 ft per mm, the ohservahle wet 6uZ& 
temperature eguals the adtobattc saturation temperature withm the range of 
ordinary engmeenng accuracy, provided that no attempt is made to shield 
the wet bulb from radiation Hence, Cameras uncorrecfed equation, or 
equation 15-^, is to be used unless extreme accuracy is desired Further- 
more, m deahng with drying problems, it will be assumed that the air is 
moving over the vaponzing water wnth considerable velocity, hence, it 
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will be assumed that the vaporization temperature equals the adiabatic 
saturation temperature. 

The action on the wet bulb is illustrated in Fig. 15-2. Point 1 repre- 
sents the condition of the vapor in the air as it comes up to the wet bulb, 
and point 2 represents the condition of the vapor in the air as it leaves the 
wet bulb. Because the air picks up vapor as it passes over the wet bulb, 
the amount — and hence the pressure — of the vapor increases. Thus, the 
vapor pressure lea\dng the wet bulb exceeds that of the room air; and the 
saturation temperature, of the vapor in the leaving air must exceed the 
dew-point temperature, ^3. 

(d) Specific Humidity: When dealing with air flowing through de\dces 
which either humidify or dehumidify the air, there will be changes in the 
total volume flowing, as well as a change in the amount of vapor flowing. 
The weight of dry air flowing remains constant, however. Hence, it is 
desirable to express the various quantities involved, particularly the 
amount of vapor, per pound of dry air. “Specific humidity’’* is used to 
denote the number of pounds of water vapor per pound of dry air. If it is 
assumed that both the air and the vapor may be treated as perfect gases, 
the foUovTng equations of state may be vvitten for each: 

Pa\^a—^aRaTa 

where the subscript v refers to the water vapor and a to the dry air. 

By dividing one of these two equations by the other and utilizing the 
fact that the air and vapor both occupy the entire volume, we obtain: 

^=Specilio Humdity (I5-d) 


Example 15-1 . — ^Air at 90 F and 14.7 psia has a wet-bulb temperature of 74 F, 
Determine: (a) the absolute humidity; (6) the relative humidity; (c) the specific 
humidity; (d) the dew-point temperature. 


Solution. — (a) From equation 15-5, 

_o ^156 . _(14.7 - 0.4156)(90 -74) _„ ,,, , 
286 ^iT3«“ 2800-1.3(74) P®'®’ 


To find the absolute humiditv, use the equation of state, PV = WRT. Thus, 

or 7.070 grains per cu ft Ans. 

* There is some objection to this definition of specific humidit 3 \ Instead of the 
term specific humidity, the Guide of the American Society of Heating and Ventilating 
Engineers uses the term *fiuunidity ratio.'' For a more detailed discussion of the thermo- 
dynamic properties of air-vapor than can be given here, see Chapter 3 in the ASH\ E 
Guide. 
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(6) To find the relative humidity, use equation 15-3 Hence, 

R-H 474 or 474% Ads. 

(c) To determine the specific humidity, use equation 15-fi which gives 

S H =0 01433 lb vapor per lb dry air Ans 

(d) The saturation temperature correcponding to the pressure of 0.3311 is 67 3 F 

Therefore the dew pomt temperature equals 67 3 F Ans 

Example 15~2 — Air has a relative humidity of 72% when its temperature is 80 F 
and its pressure is 14 9 psia Determine its specific humidity and al'>o its dew pomt 
temperature. 

Sdutum — By equation lfi~3, 

= R H (F«() =0 72(0 5069) =0 365 psia 

By equation 15-6, 

S H = 0 622 ^ 01562 lb vapor per lb diy air Ans 

From the vapor pressure oi 0 365, the dew-pomt temperature is 702 F Ans 



15_3 Psychrometnc Charts.' — ^Much work has been done in pre- 
senting properties of air-vapor mixtures m chart form, generally at stan- 
dard atmosphenc pressure To illustrate the preparation of such a chart, 
take vapor pressures as ordmates and dry-bulb temperatures as abscissas 



Pressure of Water Vapor, psia 
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The saturated-vapor line may be plotted as in Fig. 15-3, the vapor 
pressures being taken directly from the steam tables for the various 
dry-bulb temperatures. 

Examination of equation 15-5 shows that for a given wet-bulb tem- 
perature the variation of the vapor pressure P„ with the dry-bulb tempera- 
ture t is represented by a straight line. (The atmospheric pressure Pb is 
a constant, as is the saturation pressure P^' corresponding to the fixed 
wet-bulb temperature t'.) Lines of constant wet-bulb temperature appear 
in Fig. 15-4. 



Fig. 15-4. I/ines of Constant Wet-Bulb Temperature 
on Psychrometric Chart 


The actual partial pressure of the vapor at any dry-bulb temperature 
and any fixed relative humidity may be calculated by multiplying the 
saturated pressure at the given temperature by the relative humidity, as 
indicated by equation 15-3. Lines of constant relative humidity are 
shown in Fig. 15-5. 

The volume per pound of dry air can be calculated from the equation 
of state of a perfect gas. For a fixed volume per pound of dry air, the air 
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F>g 15-5 Lines of Constant Relative Humidity on Faychrometric Chart 



Fig 15-6 Lines of Constant Volume of Dry Air on Psycbrometric Chart 
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pressure Po equals the total pressure Pt minus the vapor pressure P, 

That IS, 

P,«Pr-p,=l!^ 


or 


P, = Pt 


WRT 

V 


Thus, for a fixed volume of dry air and a given total pressure, the vanation 
of the vapor pressure with the dry bulb temperature is represented by a 
straight line Lmes of constant i olume are shoum in Fig 15-6 



Fig 15-7 shovis a psychrometric chart According to equation 15-6 
specific humidity is almost in direct proportion to vapor pressure, particu- 
larly at low vapor pressures In Fig 15-7 the specific humidity is taken as 
the ordmate The vapor pressure also is shornti as the ordinate, an 
adjusted scale bemg required to correlate it unth specific humidity 

For any fixed wet-bulb temperature the enthalpy of the saturated 
air vapor leaving the wet bulb, expressed m Btu per pound of dry air, is a 
constant Hence, lines of constant wet bulb temperature can point to a 
scale of enthalpy of saturated mixture per pound of dry air This relation 
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is shoMTi in Fig, 15—7. The enthalpy of water is very small and hence may 
be neglected for routine engineering calculations, except at very high 
wet-bulb temperatures. By reference to equation 15-4 it may be seen 
that the enthalpy of the air-vapor mixture passing to the wet bulb (i.e., 
room air) equals the enthalpy of the mixture leaving the wet bulb, the 
enthalpy of the water vaporized at the wet bulb being neglected. But, 
as the enthalpy leaving the wet bulb is fixed by the wet-bulb temperature, 
the enthalpy of an air-vapor mixture at any dry-bulb temperature equals the 
enthalpy of the saturated mixture at its wet-bulb temperature, if the 
enthalpy of the water vaporized to adiabatically saturate the air is neg- 
lected. The use of this fact will be demonstrated later on in this chapter. 



Example 15-S , — Solve Example 15-1 by use of the psychrometric chart in Fig. 15-7. 
Soluii(m , — The lines and points that are located on Fig. 15-7 are shown in Fig. 15-S- 
The intersection of the vertical line corresponding to a dry-bulb temperature of 90 F 
and the inclined line for a wet-bulb temperature of 74 F on the chart gives the following 
results: 

101 grains moisture per pound of dry air 
0.333 psia vapor pressure (0.3311 calculated) 

47.5% relative humidity (47.4% calculated) 

14.17 cu ft per potmd dry air 
From these values, the specific humidity equals 

^ ■ ^ = 0^01443 lb per lb of dry air (0.01433 calculated) 
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The absolute humiditj equals 

001018 lb per cu ft (0 001010 calculated) 

67 5 F pressure of 0 333 psia, the chart shows a dew point temperature of 

Example 1S~4 —Use the chart m Fig 15-7 to solve Rtampla 15-2 

Solulton — ^The points and lines of importance m this case are shown m Fig 15-9 
From the chart in Fig 15-7, the pressure of the vapor is 0.365 psia which is also the 
calculated value The dew pomt is 70 2 F The chart shows a specific humidity of 
111 grams or 0 01586 lb vapor per pound of drj air, as compared to the calculated value 
of 0 01562 lb The reason for the difference between the two values of specific humidity 

13 that the chart method docs not take mto account the fact that the total pressure is 

14 9 p'la instead of the standard value The chart error is not large in this case, as the 
pressure is close to the standard value * 

15—4 Simple Heatmg and Coolmg — ^Slost heating and cooling of air 
in air-conditiomng work is done at substantially constant pressure In 
case the water-t apor content of the au" is neither increased nor decreased 
durmg the heatmg or coolmg process, the pressure of \apor must also 
remam substantially constant Although steam may be blown mto the 
air, the normal -n ay m which the n apor content of the air may be increased 

15 by the mtroduction of -nater mto the air Unless remo\ed by physical- 
chemical means, "n ater ^ apor is remo^ ed only by coolmg the air to a tem- 
perature below its dew pomt Although the heat remo^ ed from or added 
to an air-'v apor mixture may be ei aluated by treatmg the air and \ apor 
separately and addmg the results together, it is common practice to treat 
the mixture as an entity This inll be done here 

For air, the datum is 0 F, the enthalpy of air bemg taken at zero at the 
datum plane For xiater, the enthalpy of the liquid is taken as zero at 
32 F, as m the steam tables The enthalpy of the mixture per pound of 
dry air is 

24 f-f-S H (/!„) (15-7) 

where S H is the specific humidity, m pounds of water vapor per pound 
of dry air, and hg is the enthalpy of the vapor, m Btu per pound 

Because at low partial pressures the vapor closely obeys the law 
PV—WRT, the enthalpy of the vapor is mdependent of pressure and is a 
function of temperature alone An exammation of the superheated steam 
tables justifies this statement, as there is very httle difference between 
the enthalpies of steam at any given temperature when the pressure is 
1 psia, 2 psia, or 3 psia However, at low temperatures, a further mcrease 
m pressure materially reduces the enthalpy Although the steam tables 
giv e accurate values of enthalpies for v anous pressures and temperatures, 

* Some psy chrometnc charts have been deviled to take account of variations in 
barometric pressure Allowance is generally made boi^ever by applying a correction 
to the value obtamed from the standard atmospheric pressure chart 
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most problems call for interpolation or extrapolation of steam-table values 
for tbeir solution. To eliminate tbis, many equations have been proposed 
which are satisfactory over a certain range of conditions. The authors 
present the follovdng equation: 

71 = 1061.0+0.445 i (15-8) 

where h is the enthalpy of the vapor, in Btu per pound; and t is the Fahren- 
heit temperature. 

The maximum error of equation 15-8 is 1.4 Btu per lb of vapor over 
the range of — 40 F to +250 F, provided that the vapor pressure does not 
exceed 3 psia. When the value of h is assumed to be given by equation 
15-8, equation 15-7 becomes 

hm = 0.24: ^+S.H. (1061.0+0.445 i) (15-9) 

The energy quantities involved in problems of simple heating or cooling 
are Q, and As the velocities are relatively low in air-conditioning 
work, the kinetic energies may be neglected. The solution for the heat 
added or removed involves the use of the steady-flow equation. 


Example 15-5. — K quantity of air having a volume of 5000 cu ft at 85 F and 40% 
R.H. is cooled to 60 F. The air pressure is 14.2 psi. Calculate the heat removed. 

Solution . — ^The original partial pressure of the vapor, by equation 15-3, is 

P^ = R.H. (P«m) = (0.4)(0.5959) =0.2384 psia 

At 60 F the saturated partial pressure is 0.2563. As the original vapor pressure is 
less than this value, there can be no condensation during the cooling process and hence 
there can be no change in the specific humidity. The original specific humidity, accord- 
ing to equation 15-6, is 

S.H. =0.622^ 

■t a 

— 0 622 X 0*2384 

14.2 -0.2384 

—0.01062 Ib vapor per Ib diy air 

By equation 15-9, the enthalpy into the cooler equals 

/i,„, = 0.24 i-hS.H.(1061.0 4-0.445 t) 

=0.24(85)+0.01062[1061.04-0.445(85)] 

= 32.07 Btu per lb dry air 

In a like manner, the enthalpy leaving the cooler equals 

= 0.24(60) 4-0.01062(1061.0 -h0.445(60)] 

= 25.95 Btu per lb dry air 

Then the heat removed per pound of drj’^ air is 

Q = /imi-7in,2 = 32.07-25.95 = 6.12 Btu per lb dry air 
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The weight of dry air, based on the original volume, 


^ PV (14 2 -0 2384)(1441f5000l 
RT 53 3(85+460) ’ 

Then the total heat removed equals 


=346 3 lb 


(346 3)(6 12) = 2119Btu Ans. 

Example /5-tf —Saturated air at 35 F is heated to 110 F Calculate the heat 
cdded per pound of dry air and the final relative humidity Assume standard atmos- 
phenc pressure 



iSofuitwi —The origmal partial pressure of the vapor is 0 09995 psia, which is also 
the final vapor pressure Then the final relative huimdity is 

- ^-^^=0 0784 or 784 % 


RH =p 

The specific humidity n 


on 

nr-- 

=0 00426 lb vapor per Ib dry air 
The enthalpy of the mixture entering the heater is 

ft„,=0 24(35) +0 00426(1061 0+0 445(35)] 

>= 12 99 Btu per lb dry air 


Ans 
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The enthalpy of the mixture leaving the heater is 

/i„2 = 0.24(110)-h0.00426[1061.0-{-0.445(110)] 

= 31,13 Btu per lb dry air 

The heat added in the heater is 

0=/!n,-Anj=31.13-12.99 = lS.14 Btu per lb dry air Ans. 

Example 15-7.— Determine the heat transferred in the two preceding examples 
by means of the psychrometric chart in Fig. lh-7. 

Solutim . — For the cooling problem, the enthalpy of saturated air at the original 
conditions is 31.8 Btu from the chart (see Fig. 15-10). As the cooling process is one 
at constant pressure, the final state point may be found by going horizontally to the 
left from the initial point until a temperature of 60 F is reached. At this point the 
enthalpy of the saturated air is 25.7 Btu, The difference between the original and 
final enthalpies of saturated air is 31.8—25.7 = 6.1 Btu per pound of dry air. This 
compares with the calculated heat removed of 6.12 Btu per pound of dry air. 



There are two errors involved in the use of the chart method. First, the pressure 
is not standard atmospheric, although it is close to it. Second, the enthalpy of the air 
is not exactly equal to the enthalpy of saturated air having the same wet-bulb tempera- 
ture. These two errors evidently tend to compensate each other in this case but will 
not do so in ail cases. 

For the heating problem, the enthalpy of the original mixture is 12.95 Btu from the 
chart (see Fig. 15-11). Moving horizontally to the right from the original state point 
until a temperature of 110 F is reached locates the final state point. At the final state, 
the enthalpy of the saturated air is 31.5 Btu per pound of dry ah. The difference 
between the tvro values of enthalpy is 18.55 Btu per pound of dry air. This compares 
with the calculated amount of heat added of 18.14 Btu i>er pound of dr 3 ’ air. 


298 


Engineering Thermodi'namics 


15-S Dehuimdification— Water \apor may be removed from air 
chemically, physically, or thermodynamically Several chemicals are 
used for dehumidification, such as calcium oxide, calcium chlonde, and 
anhydrous calcium sulfate Physically, vater vapor may be removed by 
absorption Some substances used for this purpose are activated alumina 
and sihca gel Thermodynamically, water vapor may be removed from 
air by coohng the air below its dew point This method is the subject of 
this article It should be noted that the removal of water vapor from the 
air IS relatively easy vi hen the humidity is high, but becomes progressively 
more difficult as the humidity decreases Although all the methods are 
used to reduce the humidity of the air to a low value none of them pro- 
luces air with zero humidity 





Fig 15-12 Dehumidification by Cooling and Condensation 

When air is cooled below its dew pomt, the v apor remaimng is saturated, 
provided it is not reheated after the cooling process Because of condensa 
tion of the water v apor, both the specific humidity and the v apor pressure 
decrease As the total pressure remains constant, the partial pressure of 
the diy air must increase as the vapor pressure decreases because of con- 
densation Fig 15-12 shows a schematic diagram under steady flow 
conditions 

The energy equation for a dehumidifler is 

= H i-S H 2)hf+Q 

where (SHi-SHz)^/ is the energy in the condensate leaving There 
are two types of dehumidifiers The temperature of the condensate at 
exit depends on the type of dehumidifier used and on its method of oper- 
ation 

In one type of dehumidifier, the cooling is accomplished by finned 
tubes which serve as the evaporator for a refrigeration system When 
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moderate temperatures are maintained in the tubes, the condensate 
collects on the tubes and then runs off. With lower tube temperatures 
the condensate collects as frost on the tubes. This condition necessitates 
shutting down the evaporator and defrosting it. 

In the other type of dehumidifier, dehumidification is accomplished by 
spraying cold water into the air. The spray water must have a tempera- 
ture lower than that of the entering airj the lower the spray temperature, 
the greater the amount of dehumidification. The condensate mixes with 
the spray water and leaves vdth it. Even though the temperature of the 
leaving condensate is thus indefinite, very little error is introduced here 
as the enthalpy of the liquid is small in comparison with the other 
enthalpies involved, particularly if the temperature of the condensate is 
low. Lacking more specific information, the condensate will be assumed 
to leave the dehumidifier at the same temperature as does the saturated air. 

Example 15-8 . — ^Air enters a dehumidifier at 94 F and 70% R.H., and leaves at 
50 F. Calculate the heat removed per pound of dry air. There is standard atmos- 
pheric pressure. 

Solution . — The entering vapor pressure is 

= 0.70(0.7906) =0.5534 psia 

The saturated-vapor pressure at the exit temperature of 50 F is 0.17811. As this is 
lower than the entering-vapor pressure, condensation takes place and the air is saturated 
at exit. The original specific humidity is 

S.H.i = 0.622 X . . CQ V = 0.02429 lb vapor per lb dry air 

14.7 — U.ooo4 

The final specific humidity is 

S.H. 2 = 0.622 X , . W ^ 0-00763 lb vapor per lb dry air 

14./" — u.ii oi 

The difference between these two specific humidities is the ammmt of condensate 
formed. This equals 0.02429—0.00763 = 0.01666 lb per lb of dry air. 

The original enthalpy is 

/i„,^0.24 ^+S.H.i (1061+0.445 0 

^ 0.24(94) +0.02429[1061 +0.445(94)1 
49.35 Btu per lb dry air 

The enthalpy of the exit air is 

/i„.2 = 0.24(50)+0.00763[1061+0.445(50)] 

20.26 Btu per lb dry air 

The enthalpy per pound of condensate may be taken from the steam tables or 
calculated from the approximate equation for the enthalpy of liquid at temperatures 
below 250 F; this equation is 

A/ = f-32 

If it is assumed that the condensate leaves at 50 F, the enthalpy of the condensate 
per poimd of dry air equals 


0.01666(50-32) =0.30 Btu 
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From the equation of steady flow applied to the dehumidifier, the heat removed is 
(S n 1 -S H j)h/= 49 35 - (20 26+0 30) = 28 79 Btu per Ib dry air Ans 

It 13 to be noted that an error of about 1 per cent will be caused by neglecting the 
enthalpy of the condensate At higher exit temperatures the error wiU be larger 

Example 15-9 — Work the preceding example by use of the psychrometnc chart 
in Fig 15-7 by taking the difference between the enthalpies of the saturated vapor at 
entrance and exit 



from Fig 15-7 is 49 4 Btu per lb of dry air (see Fig 15-13) At the exit conditions the 
enthalpy of the saturated air is 20 3 Etu The difference between these two values of 
^enthalpy, or the heat removed is 29 1 Btu This value agrees with the value of 29 09 
Btu calculated when the enthalpy of the condensate is neglected 

IS— 6. Humidification — ^The problem of humidification of air is the 
reverse of that of dehumidification Although humidification may be 
accomplished by addition of steam to the air, common practice is to supply 
the water m the liquid state To aid in the ease of humidification, the 
water for humdification may be heated Humidification may be accom- 
plished by spraying the water into the air or by passing the air over the 
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surfacG of the water. Because humidification is desired in the ^\dnter at 
the same time that heat must be added to make up heat losses from 
buildings, it is common practice to heat and humidify the air at the same 
time. Note Fig. 15-14. 

The energy equation in this case is 

7i.,+(S.H.2-S.H.0/i/+Q=/i.2 


Air + S H 1 


TT 


(S H2-S 

Fig. 15-14. Schematic Arrangement of Adding 
Heat and Humidity to Air 


Example lo-10» — A quantity of air having a volume of 2,000 cu ft at 70% R.H., 
60 F, and 14.0 psia is to be heated to 90 F. At this temperature the R.H. is to be 50%. 
Water is supplied at 100 F. Find the heat added. 

Solution. — ^The vapor pressure at entrance is 

P.j =0.7(0.2563) =0.1794 psia 

At this point the specific humidity is 

n 17Q4 

S.H.i = 0.622X^^^3^^ = 0.00808 lb per lb dry air 

At e.vit the vapor pressure is 

Ft, = 0.5(0.6982) =0.3491 psia 

and the specific humidity is 

S.H .2 = 0.622Xyj-^;^^^^ = 0.01591 lb per lb dry air 

The difference in the specific humidities is the weight of water which must be 
supplied per pound of dry air. This equals 

S.H.2-S.H.i= 0.01591 -0.00808 = 0.00783 lb water per lb dry air 
In the equation of steady flow, 

h„,=0.24(60)+0.0080811061.0+0.445(60)l =23.19 Btu per lb dry air 
(S.H.2-S.H.i)fi/ = 0.00783(100-32) = 0.53 Btu per lb dry air 
and /j„.=0.24(90)+0.01591[1061.0+0.445(90)]=39.12 Btu per lb dry air 
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Then the heat added i9 


H 2-S H i)k/ 

==39 12— (23 19+0 53) = 15 40 Btu per lb dry air 
The weight of dry air present is 


fFa 


. ?Z - 144(14 0 - 0 1704)2000 
liT~ 53 3(60+460) 


= 143 6 lb 


and the total heat added equals 

143 6(15 40) = 2,211 Btu 





60 F 90F 

Dry Bulb Temperature 


Fig IS'lS Solution of Example 15-11 

Example 15-11 — Solve the preceding example by means of the psychroroetnc 
chart in Fig 15-7, using the difference in enthalpies of the saturated air 

Solution — From the psychrometric chart the enthalpy of saturated air at the 
original conditions is 22 9 Btu per pound of dry air (see Fig 15-15) At the final 
conditions the enthalpy, from Fig 15-7, is 38 5 Btu per pound of dry air By sub- 
tractmg these two enthalpies, the heat added is found to be 
38 5 -22 9 15 6 Btu per lb dry air 

This agrees well with the calculated value of 15 40 Btu per pound of dry air, as the 
error introduced by the pressure being other than atmospheric tends to compensate 
for the fact that the enthalpy of the entering water is neglected The specific volume 
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of the dry air from the chart in Fig 15-7 is 13 26 cu ft 
figure, 13 


2000 
13 26 


-151 lb 


The total weight, using tins 


This differs appreciably from the calculated value of 143 6 lb, and the difference 
shows the effect of neglecting the influence of pressure on specific volume. 


^15-7. Dehumidifier Systems. — ^As was stated in Art. 15-5, when air 
is dehumidified by cooling, saturated air at low temperature results. 
Normally, air is desired at a temperature much higher than that at which 
it leaves the dehumidif 3 dng chamber. Conceivably the hot air that is to 
be dehumidified might be put through a heat exhanger before it entered 
the dehumidifier and used to heat the cool air leaving the dehumidifier. 
In this way, the dehumidified air could be heated to the desired tempera- 



ture and the cooling load for the dehumidifier could be greatly reduced. 
However, heat transfer from gas to gas through a wall is greatly impeded 
by the gas films that cover the surfaces of the wall. Furthermore, in this 
heat exchanger the average temperature difference is small. The combined 
effect of large resistance to heat flow and small temperature difference 
necessitates so large a heat exchanger as to make its use uneconomical. 
Common practice is to use a heater, either steam or gas-fired, after the 
dehumidifying chamber. A line diagram of a typical dehumidifier set-up 
is shown in Fig. 15-16. The whole unit, including the heater, will be 
spoken of as a dehumidifier unit. 

Up to this point it has been assumed that the air is saturated after 
dehumidification. This condition is appi cached if there are many rows of 
cooling coils or an extensive spray is used. However, when there are a few 
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★15-8 Humidifying Systems —At low temperatures, the saturation 
pressure of water vapor is low Hence, the maximum specific humidity 
of low-temperature air is low When Jow-temperature air is heated and 
supplied to a building without addition of moisture, air with very low 
relative humidity results In cold weather, outside air must be heated 
before sufficient vapor may be introduced into it, if the relative humidity 
of the air as it is supplied to a building is to be reasonable Accurate 
control of the final humidity may be obtained by controlling the amount 
of heat added to the air before water is introduced into it If sufficient 
water is sprayed into the air, it will become saturated Fig 15-18 shows 
a sketch of a heating-humidifymg system 



■i^Exam-ple 15-lS — Air 13 to be supplied at 120 F and 20% It H , atmospheric 
pressure being standard Outside air is at 0 F and 60% RH Calculate the heat 
added m each heater per pound of dry air 

Solution — ^The vapor pressure of the outside air is 

F«,-06C0 0185) = 00111 psia 

The specific humidity at this point is 

S H 1 = 0 622 X , . ^i^nT TT "" P lb per Ib dry air 

14 7 —0 0111 

The vapor pressure leaving the final heater is 

l’,,=02(l 6924)<=033S5 psia 
The specific humidity at this point is 

SJI 622X 01466 lb per lb dry air 

As the pyessure does not change m the heaters, tie vapor pressure of the air eptermg 
the final heater la 3385 psia For saturation at this pomt the temperature is 

68 F 
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The enthalpy of the air at preheater entrance is 

;i„j = 0.24(0)-}-0.00047[1061.0-h0.445(0)] 

—0.50 Btu per lb dry air 

The enthalpy of the air entering the final heater is 

;ir.3==0.24(68)+0.01465[1061.0-h0.445(68)] 

= 32.31 Btu per lb dry air 

The enthalpy of the air leaving the final heater is 

/^m,=0.24(120)+0.01466[1061.0-i-0.445(120)I 
= 45.14 Btu per lb dry air 

If the enthalpy of the water supplied for humidification is neglected, the heat added 
in the preheater is 

Q = 1=32.31 —0.50 = 31.81 Btu per lb dry air Ans. 

The heat added in the final heater is 

= 45. 14 —32.31 = 12.83 Btu per lb dry air Ans. 

The total amount of heat added per pound of dry air is high. To 
minimize this, recirculation is used in the same manner as in the case of 
dehumidification. 




i Unsaturated Adtabatically 

I Saturated 

Entering 
Air 

Temperatures 

Fig. 15^19. Adiabatic Drying System 

15-9. Dr3ring. — There are many industrial cases where the product 
becomes wetted by a liquid in the course of its manufacture and must be 
finally dried. Drying is accomplished by blo'udng hot air of low relative 
humidity over the product. In such a case the process is nearly an 
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adiabatic one The fundamental set up is sho^\n in Fig 15-19 The 
fundamental problem is independent of the nature of the hquid invohed 
For that matter, the problem is essentially the same if a gas other than 
air IS the agent which picks up the vapor 


Exam-pie 15-14 — ^Air enters a drying chamber at 120 F dry bulb and 82 F wet bulb 
If the au" IS saturated adiabatically, determine the weight of water vapor picked up per 
pound of dry air Assume standard atmospheric pressure 


First Solution — By equation 1&-5, the vapor pressure at entrance u 
P (Pa-P.)U-l) 

’ 2800-1 3< 

(14 7-0 5410)020-82) 

^ 2800-13(82) 

s=0 3413 psia 


At this point the specific humidity is 


S H . = 0 622 X 14 “ 0 01478 lb per lb dry air 

As w as pom ted out m Art 15-2 when air is saturated n ith w ater vapor adiabatically 
its temperature is practically equal to its original wet-bulb temperature (Note This 
assumption may not be justified when dealmg with liquids other than water and with 
gases other than air) Then the vapor pressure leavmg the chamber is =05410 
psia The specific humidity at exit is 

S H 5=0 02376 lb per lb dry air 

The weight of water vaporized is the difference between the two specific humidities, 
or 

0 02376 —0 01478 = 0 00898 lb per lb dry air Ans 

Alternate Solution — The energy equation of adiabatic saturation may be used in 
the solution of the problem When equilibrium is reached the vaporizing water will 
be at the wet-bulb temperature Although its energy is its intrinsic energy, this is 
practically equal to its enthalpy The water vaporized is the difference in the specific 
humidities of the air entermg and leaving the chamber The energy equation is 
A„i+(SHj-SHx)A/ = /t„, 


or 0 24(120) +001478(1061 0 +0 445(120)]+(S H ,-0 01478)(82 -32) = 

0 24(82) +S H ,(1061 0+0 445(82)1 

from which S H i-O 02372 lb per lb dry air 

Then the water vaporized equals 

S H 1-8 Hi = 0 02372 - 0 01478 = 0 00804 lb per Jb dry air Ans 

Under most conditions, the air is not saturated when leaving the diying 
chamber, as it is difHcult to bnng every particle of air in contact with 
water If the temperature of the air at exit is known, the water vaponzed 
per pound of dry air may be found by settmg up the equation of steady 
flow 
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GAS CYCLES 

16—1. Introduction. — In spite of the fact that its efficiency is of the 
highest order, the Carnot gas cycle has not been used because the ratio 
of its mean effective pressure to the maximum pressure is so low that in 
many cases the engine cannot overcome its own friction. Many other cycles 
have been proposed to be used in place of the Carnot Cycle. Some of these 
have certain outstanding merits and are in use today. Others have had 
little to recommend them and have been discarded. Still others, while 
excellent thermodynamically, had to be discarded because of the difficul- 
ties encountered in designing an actual engine to utilize the advantages of 
the given cycle. 

Factors to be considered in weighing the merits of a cycle are: 

(1) Thermal efficiency 

(2) Ratio of mean effective pressure to maximum pressure 

(3) The maximum temperature and pressure and the length of time 
they are sustained 

(4) The ease of designing the actual engine to closely approach the 
theoretical cycle when running at reasonable speeds 

The cycle thermal efficiency depends on the temperatures of the hot 
and cold bodies and on the nature of the processes composing the cycle. 
Any cycle, recehdng heat from the source and rejecting heat to the cold 
body in a reversible manner, and ha\Tng the rest of its cycle composed of 
reversible processes, vnll have the highest possible thermal efficiency 
for the given conditions. This thermal efficiency equals that of the 
Carnot Cycle for the same conditions. (See Chapter 5.) 

In the case of either an internal-combustion engine or a gas turbine, 
heat is not added to the working substance through walls from a source, 
An equivalent temperature rise is produced by the burning of a fuel which 
releases it chemical energy. Although “heat^^ is not added in these cases, 
it is necessaiy to maintain conditions similar to those in which heat is 
actually added, if high thermal efficiency is to be attained. For instance, 
in order to attain high thermal efficiency in a cycle in which heat is added, 
the temperature must be high at the start of addition of heat. Likewise 
in an internal-combustion engine the temperature must be high at the start 
of combustion, if a high thermal efficiency is to be realized. Although a 
high temperature at the start of combustion may be obtained by heat 
exchange, the high temperature is generally obtained by high compression. 

309 
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One of the early cycles, the Lenoir, had no compression, hence, the thermal 
efficiency of the Lenoir engine rv as low The Lenoir engme was abandoned 
T\hen engines mth compression were introduced 

Early types of "heat” engmes were hot-air engmes These engmes were 
designed to approac h eit her the Stirhng Cycle or the E ricsson Cycle 
Because these engines are not u^ed today, details of these cydes will be 
omitted How e\ er, they are noteworthy because their theoretical thermal 
efficiencies w ere the same as that of the Carnot Cycle for the same tempera 
ture limits Instead of relying on an isentropic compression to attain 
high temperatures, the Stirhng-Cycle engine had its working substance 
heated m a Te^eTSlble constant-’volume process by heat which had been 
stored m another part of the cycle In the Encsson C>cle the heating 
was done in a constant-pressure manner In spite of their high theoretical 
thermal efficiencies, the hot air engmes were not \ ery successful, although 
they were made and used for many years The outstanding reason for 
this poor performance was the necessity of transfemng heat from the hot 
products of combustion through walls to the workmg substance, air The 
great resistance to heat flow offered by the gas films caused three bad 
effects 

(1) The temperature drop to cause heat flow was large, resultmg m a 
low o^er-a^ temperature range of the workmg substance and, 
hence, low thermal efficiency 

(2) The temperature of those parts of the w alls exposed to the flames 
was high, causing detenoration of those parts 

(3) In order to transfer appreciable quantities of heat, the engme speed 
had to be kept low This meant that the horsepower was low 
As horsepower is the product of speed and mep for a given displace- 
ment, the relatively feeble power achiCA ed with a huge displacement 
gave a small ratio of power to engme weight 

Common gas cycles encountered today are the Otto, the Diesel, the 
Dual or Limited Pressure, and the Brayton or Joule 

16-2 The Air Standard Method of Cycle Analysis — Cycles, whether 
they are gas cycles or vapor cycles, may be regarded as bemg composed 
of a senes of theoretical processes, such as the constant-pressure, the con- 
stant-volume, the constant-temperature, and the isentropic A theoretical 
engme operates on the theoretical cycle Except for the assumption that 
the workmg substance is a perfect gas with a given specific heat, nothing 
IS imphed m the descnption of the cycle as to the nature of the workmg 
substance, i e , whether it is a single gas or a gaseous mixture Neither 
IS the manner of mcreasmg the temperature of the working substance speci- 
fied, t e , whether it is to receive heat through the cylinder head (as was 
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done in the Carnot Cycle) or is to have combustion taking place in the 
working substance itself. 

The value of the analysis of a theoretical cycle is two-fold. First, it 
shows the inherent characteristics of the cycle and points out the possible 
advantages and also disadvantages of an actual engine approximating this 
cycle. Secondly, the analysis should indicate the limits of performance, 
which the actual engine may approach but may never exceed. 



The actual engine, regardless of how nearly perfect it is, must use an 
actual working substance. Such a working substance may consist of air, 
fuel, and clearance gas in one part of the cycle and of products of com- 
bustion in another part. Since the working substance undergoes a wide 
range of temperature, its properties differ greatly from those of a perfect 
gas. The treatment of the actual working substance is a complicated one 
and will be taken up in Chapter 17 together vnth the limiting performance 
of a perfect engine. 

One may make many assumptions regarding the performance of the 
working substance in a simple cycle analysis and stUl retain the ability to 
discover the inherent strength and weaknesses of a given C 3 ^cle. The 
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simplest of such analj’ses is the “air standard ’ The folIoTving assump- 
tions are made m the air standard method of analysis 

(1) The ■working substance is air and air alone 

(2) Air beha\es as a perfect gas, ha\ung a constant specific heat — 
as do all perfect gases 

(3) Heat is added through the cylmder head m the manner desired 
J e , at constant pressure, at constant \ olume, etc 

(4) The air remains m the cylinder throughout the cycle at a fixed 
weight 

(5) All adiabatics ■mthm the cyhnder are reversible ones 



An analysis of these assumptions shows that conditions assumed for 
the air standard differ so much from those encountered m the actual engine 
that the air standard is of only relative value m predictmg the limits of 
performance The air standard analysis of cy cles does show the inherent 
characteristics of the cycles 
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16-3. The Air-Standard Otto Cycle. — ^An engine using either gasoline 
for a fuel or a gaseous fuel draws into the cylinder the air-fuel mixture, 
compresses that mixture, burns it, expands it, and then pushes out the 
products of combustion. In the theoretical case, there is no pressure drop 
through the valves, and hence no net work is done during the suction and 
exhaust strokes. In the air standard there can be no suction or exhaust 



Fig. 16-3. T-S Diagram for Air-Standard 
Otto Cycle 


strokes, as the weight must remain constant. In Fig. 16-1 is shown an 
indicator card for a slow-speed gas or gasoline engine. Fig. 16-2 shows the 
theoretical air standard cycle for this type of engine. In the theoretical 
case, compression is isentropic. The earlier engines w^ere of slow speed; 
there w^as very little piston motion during the combustion period. In this 
case a constant-volume addition of heat in the air standard is an equivalent 
process approximating the combustion process in the actual engine. 
Although heat is lost during the expansion stroke, the isentropic expansion 
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IS the hmiting process In a slow speed engine, the exhaust valve is opened 
just before the end of the expansion stroke and the pressure drops to about 
that of the atmosphere with very Uttle piston motion A constant-volume 
removal of heat m the air standard approximates this process This 
combination of processes is known as the CHto Cycle 

Fig 16~3 shows the air-standard Otto Cycle on the T~S plane, with the 
pomts numbered to correspond to those on the F-~V plane m Fig 16-2 
As indicated, process 1-2 is an isentropic compression, process 2-3 is addi- 
tion of heat at constant volume, process 3-4 is an isentropic expansion, 
process 4-1 is rejection of heat at constant volume 

The thermal eflSciency of any heat engme is that portion of the heat 
supplied which is turned into work In a cycle — such as the Otto — ^in 
which work is done in only tno processes, the evaluation of the uork done 
IS simple In other cycles work may be done m three or four processes 
In general, it becomes desirable to evaluate the cycle work by subtracting 
the heat rejected from the heat supphed Thus, the thermal efficiency 
of the air-standard Otto Cycle becomes 
Wk 

Thermal Efficiency=-;^=^^ 7 -^ 
ys Vs 


But the heat supplied is furnished between points 2 and 3 and equals 
IFCefTs— Tj), and the heat rejected is given up betvveen points 4 and 1 
and equals Wc„(Ti — Ti) Thus, 


irc„( - T 2 ) - Wc.i Ti- T.) 

Thermal Efficiency — — pfr- ■ ^ 

tv z i 2) 

(Tz-Tz)-iTi-Ti ) 

Tz-Tz 
, Ti-Ti 
Tz-Tz 


As processes 1 2 and 3-i are isentropic ones the following relations 
exist 



Since Fi=F 4 and F 2 = Fj, 


TrTi 


Ti^Tz 

Tt T, 


Starting uith the quantity and factonng out Ti in the 

numerator and Tz in the denominator, ne get 
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r4-Ti 

Tz-T^ 



Since 


Tl 

Tz’ 


Ti-Ti Tt 

T 3 -T 2 Tz 


rp rp 

Substituting this value of 7 =^ — back into the expression for the 

i 3” i 2 

thermal efficiency of the air-standard Otto Cycle, ^^e get 




Thermal Efficiency = 


El. 


1— ^=1 — /— \ 

fc) 


But > 'v\ffiere ^ is the compression ratio r. Then 


Thermal Efficiency =1 — 


.fc-i 


( 16 - 1 ) 


Equation 16--1 shows that the thermal efficiency of the air-standard 
Otto Cycle is independent of the amount of heat added as well as the 
pressure and temperature at the start of compression, but depends solely 
on the compression ratio. Although the pressure and temperature at the 
start of compression have no bearing on the thermal efficiency, the}'' 
materially affect the mean effective pressure, as this depends on air density. 

Equation 16-1 shows that, as the compression ratio is increased, the 
thermal efficiency of the air-standard Otto Cycle increases rapidly at first 
and then more slowly, as indicated in Fig. 16-4. 


Example 16-1 . — ^At the start of compression in an air-standard Otto Cycle, the 
pressure is 14.0 psia and the temperature is 140 F. The compression ratio is 6 to 1. 
The heat added per pound of air is 1300 Btu.* Compute the temperatures, pressures, 
and specific volumes at all parts of the cycle, the thermal efficiency, and the mean 
effective pressure. 


Solution . — ^The cycle is represented in Fig. 16-2 and Fig. 16-3. The specific volume 
at the start of compression is 




WRT 

P 


1(53.3) (140 +460) 
144(14.0) 


= 15.86 cu ft per lb 


^Although the energy released per pound of working substance in an actual engine 
varies greatly, this value of 1300 Btu per Ib is a reasonable value. For a chemical 
energy of 19,300 Btu per lb of fuel, this figure is equivalent to 14.85 lb of working sub- 
stance per lb of fuel. 
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At the end of compression, 



= 14 0{6)>< = 172 0psia 
:(140+460)(6)»‘=1229R 


64 cu ft per lb 



Fig 16-4. Relation of Thermal Efficiency to 
Compression Ratio for Air-Standard Otto Cycle 


The temperature r 
Thus, 


le betu een pomts 2 and 3 is fixed by the amount of heat added 

^Q^ = Wc,{.T^~T^) 


T,. r,+ (T, - Tt) = 1229+7580 = 8809 B 


= 172 0X^ 


■^1229 

V, = Yt=2M cuftper Ib 


1233 psia 
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r*= 

p*= 


8809 


m 

Pz _1234 


=4301 R 


j ^ = 100.4 psia 


m 


r 4 = 7j=: 15.86 cuftper lb 

The heat rejected is 

Trcr(T 4 -Ti) = l(0.171o)(4301 --600) =634.8 Btu per lb 
The net cj'cle work is 

Qs—Qi? = 1300—634.8 = 665.2 Btu per lb or 517,500 ft-lb per lb 
The thermal efficiency of the cycle is 

Wk 

Thermal Efficiency =--^—=5||^= 0.51 17 or 51.17% 


By equation 16-1, 

Thermal Efficiency = l—j;j^ = l— ^“=0.51 17 or 51.17% 

The mean effective pressure, in lb per sq ft, is numericalli’’ equal to the net cycle 
work in ft-lb per cu ft of piston displacement (see Chapter 8). Then the mep, in psi, is: 

_ Net Work _ 517,500 

“ Piston Disp. (144) " (15.86 -2.64) 144 ^ 

An analysis of the results of the foregoing example shows that the 
thermal efficiency of the air-standard Otto Cycle is high and that the mean 
effective pressure is very high compared with that of the Carnot Cycle 
(see Chapter 5). Both the maximum pressure and the maximum tem- 
perature are very high, but an inspection of the T-S and P-V diagrams 
shows that these maximum values are instantaneous ones; both the tem- 
peratures and pressures drop off quite rapidly from the maximum values. 

As was discussed in Art, 16—2, the results obtained by the air-standard 
analysis far exceed those of even a perfect engine. The fact that the 
thermal efficiency of the actual engine vdth a compression ratio of 6 to 1 
generally is less than half that indicated by the foregoing calculations 
does not mean that there is great room for improvement in the actual 
engine. The temperatures and pressure in the air standard are practically 
double those of the actual engine. The major reason for these dis- 
crepancies is that the actual engine uses an actual working substance 
the behavior of which differs greatly from that of a perfect gas. 


16-^. The Diesel Cycle. — ^Rudolf Diesel, realizing that high efficiencies 
may be obtained by adding heat at a high constant temperature, tried to 
design an engine in which combustion was so regulated that it took place 
at substantially constant temperature. As should have been expected, 
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the resulting engine \\as a feeble one, having a lo\\ mean effectu e pressure 
To remedy this difficulty, Diesel substituted a constant-pressure process 
for the constant-temperature one In order that the fuel may bum at 
substantially constant pressure, it is necessary to introduce the fuel as it 
bums and to regulate the rate at which it is introduced In order that the 
fuel* may bum almost as soon as it comes into the cylmder, it is essential 
that the cylinder air be at a temperature much higher than the self igmtion 
temperature of the fuel This condition necessitates a much higher com 
pression ratio than for a gasoline engine 



Fig 16-5 shows an mdicator card for an early diesel engine Fig 
16-6 and Fvg 16-7 show the air standard Diesel Cycle on the P-V and 
T-S planes with pomts numbered similarly Process 1-2 is an isentropic 
compression, process 2-3 is addition of heat at constant pressure process 

* Diesel originally contemplated using powdered coal of which Germany Iwd large 
supplies in order to free Germany of the dependence on petroleum fuel wmen she 
lacked However the many difficulties he encountered m trying to use coal led him 
to shift to oil 
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3-4 IS an isentropic expansion, process 4-1 is rejection of heat at constant 
volume 

The thermal efficiency of the air-standard Diesel Cycle is 
Wk 

Thermal Efficiency=7^=:^^f^ 
vs ys 

Wc^{ Ti -Tt)~Wc.{Ti- Ti) 
Wc^{T^~T,) 

cAT,~T,) 

or Thermal Efficiency (16-2) 

Equation 16-2 cannot be simplified, as was done for the air^standard 
Otto Cycle, because there is no equahty in any property at the various 
points in the Diesel Cycle like that which exists between the volumes in 
the Otto Cycle It is possible to put the expression for thermal efficiency 
of the air-standard Diesel Cycle in other forms, particularly one involving 
the constant-pressure expansion ratio (t e , the ratio of the volume at the 
end to the volume at the start of the constant-pressure process) or in terms 
of the isentropic expansion ratio (the ratio of the volume at the end to the 
volume at the start of isentropic expansion) In general, however, such 
expressions are not easier to use than equation 16-2 

Exam'ple i6-2 — At the start of compression in an air standard Diesel Cycle the 
pressure is 14 2 psia and the temperature is 100 F If the heat added per pound of air 
is 800 Btu* and the compression ratio is 15 to 1, compute the cycle efficiency and the mep 

Sohilton — ^The cycle is represented in Figs 16-6 and 16-7 The temperature at 
the end of compression is 

= (100 +4601(15)® * = 1654 R 

The heat added in process 2-3 is 

,Q, = TFcp(7’,-T,) 
from which ^ " T^i) ^ 

and r, »= T, + (T, - Tt) * 1654 +3333 = 4987 R 

Vi 

The temperature at point 4 depends on T* and the isentropic expansion ratio 

* In a diesel engm*- much excess air must be used to insure clean combustion 
This means that the energy released per pound of w orkmg substance is much lower than 
m the gasohne type engme 
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Although calculations may be made for these volumes, it is easier to express each of 

and Vi^Vi 

V, = 15 F- 


them in terms of Fo. Since ^ = 15 and F^ == Fi 

Vi 


A, Vi Ti 


Then 

and 




Vi 15 Fs 


= 4.975 


Fs 3.015 Fz 

T, - _i-9gI_ g605 P 

4 . 975 °-< 

\Vi) 


The heat rejected is 

Qi 2 = TFc.(r4-ri) = 1(0.1715)(2625 -560) =354 Btu per lb 
The net cycle work is 

800— 354=446 Btu per lb or 347,000 ft-lb per Ib 


The cycle thermal efficiency is 

Wk 

~7' 

Qs 


446 

800 “° 5 - 75 % 


Ans. 


This efficiency may also be found by using equation 16-2. If the temperatures just 
calculated are substituted in equation 16-2, the ther mal efficiency is found to be 55.75%. 
The volume at the start of compression is 


TF/2ri l(53.3)(100+460) 
Pi 144(14.2) 


14.60 cu ft per lb 


14 

The piston displacement in an engine with a compression ratio of 15 to 1 is times 

xo 

14 

the total cylinder volume. Then the piston displacement equals (14.60) = 13.63 cu 

ft per lb, and the mean effective pressure is 

347,01 

'13.63(144) 


347,000 . 

= psi 


Ans. 


If the amoTint of heat added per pound of air in the preceding example 
were reduced, it would be found that the thermal efficiency would be higher 
than 55.75%. The reason for this is that, with less heat added, isentropic 
expansion can take place for a larger portion of the stroke. With the larger 
isentropic expansion after the end of the addition of heat, the temperature 
has a chance to drop to a lower value before rejection of heat starts. 
This fact — ^which is applicable to all “heat'^ engine cycles — ^means that, to 
obtain the necessary temperature range for high thermal efficiency, both 
the isentropic compression ratio and the isentropic expansion ratio must 
be high. 
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16-5 The Dual or Limited Pressure Cycle — In the modem engine, 
burning an oil which is injected into the cylinder, the major portion of the 
combustion come® closer to a constant-volume process than it does a 
constant-pressure one, although at heavy loads — particularly at low 
speeds — ^much of the combustion approximates a constant-pressure process 
This means that combustion m the actual engine takes place in a smaller 
percentage of the stroke than is indicated by the Diesel Cycle, hence, there 
is more chance for expansion m the actual engme If all other losses could 
be eliminated, the thermal efficiency of the actual engine would exceed 
that of the theoretical constant-pressure cycle 



Fig 16-S P-V Diagrasi for Air Standard Dual Cycle 


Although the action during combustion m the actual engine does not 
resemble that of the Diesel Cycle, the term “diesel engine ’ persists for 
an engme having fuel injection and compression ignition Some attempts 
have been made to call such engmes “compression ignition” engmes 
Even though this term properly descnbes such engmes, this text will follow 
common practice and speak of diesel engmes 

The so-called dual or limited pressure tycle has been proposed as a 
cycle that represents the action m the actual diesel engme more closely 
than does the Diesel Cycle Figs 16-8 and 16-9 show the air standard 
dual cycle Process 1-2 is an isentropic compression, process 2-3 is addi- 
tion of heat at constant volume, process 3-4 is addition of heat at con- 
stant pressure, process 4-5 is an isentropic expansion, process 5-1 is 
rejection of heat at constant volume 
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It is possible to derive an expression for the thermal efficiency of the 
air-standard dual cycle in terms of the five temperatures involved and the 
isentropic exponent k. Little is gained by doing this, as the thermal 
efficiency may be found quite readily by finding the heat supplied and the 
heat rejected per cycle. 



Example 16-S . — Assume conditions like those for the air-standard Diesel Cycle in 
Example 16-2, but use the Dual Cycle, adding 400 Btu per pound of air at constant 
volume and 4CK) Btu per pound of air at constant pressure. 

Solution , — ^The conditions are represented in Figs. 16-S and 16-9. The tem- 
perature T. at the end of compression is the same as that in the air-standard Diesel 
Gyde in Example 16-2, or 1654 R. Since 1^3 = TFcrCTa — T;), 


Tz-T- = 


j9l 

TTcp 


400 

1(0.1715) 


=2332 


and 


= Ti-f (Ta - T:) = 16544-2332 =3986 R 


Likewise, since zQi = Wcp(Ti — T3)y 

^4-^3 = 


j9±. 

Wc„ 


400 

" 1(0.24) 


= 1667 


and 

Also, 

and 


r4=r34-(7^4-T3)=39864-1667=5653R 
r5 = Fi-15F2 = 15 V 2 

Yl Tl 

T* T- Y* V -I 410 T- 

fa 2986 3 


from which 
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Then, 


V 4 1418r,“ 




The heat rejected la 

Qx^Wc^iTi- Ti) -= 1(0 1715) (2200 - 560) -2S1 3 Btu per lb 
The net cycle work is 

0s-0a=800 - 281^«518 7 Btu per lb or 402,400 ft-lb per lb 
The thermal efficiency equals 
^Vk 


Fmally 


402,400 „ 

“"P“l3M(l44)=2050ps, 


Anfl 

Ans 


These calculations show that both the thennal efficiency and the mean 
effective pressure are higher for the Dual Cycle than for a Diesel Cycle 
hatung the same compression ratio One factor that should not be over- 
looked, houeter, is that both the maximum pressure and the maximum 
temperature are higher in the Dual Cycle and that this higher pressure is 
maintained for an appreciable length of time The mflYittmm tempera- 
tures have been calculated m Examples 16-2 and 16-3 The mflx im iim 
pressures will be calculated in the following example 

Example 16-4 — Calculate the maximum pressures for the air standard Diesel and 
Dual Cycles m Examples 10-2 and l6-3 

Solution — The pressure at the end of compression in either cycle is 
Pi«Pi(^y = 14 2(15)>‘=629 2psia 

This pressure is the maximum pressure encountered in the Diesel Cycle 

The maximum pressure in the Dual Cycle is 

^=629 2xf^-1520 psia 

This maximum pressure while much higher than that m the Diesel Cycle, is low m 
comparison with the Tnaximnm pressure of an air-standard Otto Cycle having the tame 
compression ratio 

The limitation on the use of the Dual CJycIe as a standard for the 
actual diesel engine lies m the fact that the per cent of the additional heat 
which IS added at constant volume must be contmuously adjusted to 
approximate the vanations m the actual engine To follow the actual 
high-speed engine, particularly at bght loads, the per cent of the additional 
heat which is added at constant pressure becomes msigmficant and the 
cycle becomes a constant-volume one for all practical purposes 
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In retrospect, it may be said that combustion takes place in an actual 
diesel engine in a better manner than is indicated by the Diesel Cycle; 
it may be in a better manner than indicated by the Dual Cycle if in the 
Dual Cycle too much heat is added at constant pressure. The real limit 
for indicating the performance of the actual diesel engine is the Otto 
Cycle. In fact, the combustion process in a high-speed diesel engine 
may come closer to an Otto Cycle than does that in a high-speed gasoline 
engine. 



16 - 6 , The Bra 3 rton or Joule Cycle. — The cycle conceived by Brayton 
and by Joule independently was not carried out in a single cylinder but 
needed several pieces of equipment for its operation. Although this 
cycle was proposed for a hot-air engine, it had to overcome the same 
difficulties which were encountered in the use of other cycles for hot-air 
engines. The Brayton Cycle proved somewhat more successful when fuel 
was burned in air that became the working substance. In Fig. 16-10 is 
shown a line diagram of the equipment required in this case. 

Air was drawn into an air compressor and delivered by it at moderate 
pressure to a combustion chamber. Fuel was injected into the combustion 
chamber, where it burned at substantially constant pressure. The hot 
products of combustion entered the power cylinder at only slightly lower 
pressure than that of the air leaving the compressor; their temperature 
was considerably higher and hence their volume was large. The work 
done in the power cylinder was more than was necessary to run the com- 
pressor, and the excess energy was delivered to the shaft as useful work. 
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Fig 16-11 shows theoretical P~V diagrams for the compressor and the 
power cylinders, wherein pressure drops outside the cylinders are neglected 
When the P-V diagram for the compressor is superimposed on that of the 
power cylinder, as m Fig 16-12, the net area represents the work delivered 
by the unit In Fig 16-13 is shown a P-7 iagram of an air-standard 
Brayton Cycle which is equivalent to the net diagram in Fig 16-12 The 
T-S diagram is shown in Fig 16-14 



Fig 16-11 Theoretical P-V Diagrams for Compressor and Power Cylinders 


Although the enclosed areas in Fi^ 16-12 and 16-13 represent net 
cycle work, the siimlanty ends here Fig 16-12 represents the difference 
between two areas and is not a complete thermodynamic cycle m itself 
In fact, the cycle of operations m Fig 16-10 is an open cycle Air is 
drawn m from the atmosphere, and products of exliaust are pushed mto 
the atmosphere This is also true for internal combustion engines On 
the other hand, the air standard cycle in Figs 16-13 and 16-14 is a closed 
cycle Isentropic compression takes place from 1 to 2, process 2-3 is 
heating at constant pressure, process 3-4 is isentropic expansion, process 
4-1 is cooling at constant pressure 

The thermal efficiency of the air-standard Brayton Cycle is 


m 

Thermal Efficiency =-j^= 
Vs 


Qs-Qr Wc.iT^-T,)-Wc,iT,~T,) 
Qs ~ Wc^(T,~Ti) 

, T4-T1 







328 


Engineering Thermodynamics 


As processes 1-2 and 3^ are isentropics, 


Since Ps=Pi and Pi~Pi 

Ti 

Ti~ Ti Ti— Ti~W^ 

The intermediate steps are given m Art 16-3 

Then Thermal Efficiency = 1 — ^ = 1 — ^ 

where r is the isentropic compression ratio 





(16-3) 


Fig 1&-14 T S Diagram for Air Standard 
Bravton Cycle 

It IS to be noted by companng equations 16-1 and 16-3 that the air 
standard thermal efficiency is the same for the Otto Cycle as for the 
Brayton Cycle if the same isentropic compression ratio is used This fact 
can hkewise be extended to the Carnot Cycle vnihin the same limits of 
isentropic compression ratio In fact, these three cycles are symmetrical 
cycles which may have a common thermal efficiency expression based upon 
the isentropic compression ratio This expression does not fit the Diesel 
Cycle and the Dual Cycle because they are not symmetrical cycles 
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Example 16-5 , — At the start of compression in an air-standard Brayton Cycle, the 
pressure is 14.0 psia and the temperature is 140 F. The isentropic compression ratio 
is 6 to 1. The heat added per pound of sir is 1,300 Btu.* Determine the temperatures 
throughout the cycle, the thermal efficiency, and the mep. Note that these conditions 
are the same as those for the Otto Cj'cle in Example 16-1. 

Solution , — The cycle is represented in Figs. 16-13 and 16-14. The temperature 
2s at the end of isentropic compression is the same as it n*as for the Otto Cj’cle, namely, 
1229 R. Since 


Tz-Tz 


^Qz 

TFcp 


1300 

1(0-24) 


-5417 


and 


r3 = r.-f(r3-r2) = 1229-f~5417-6646 R 


But, 

Therefore, 


=(H) 


T,=f|=3245R 


The heat rejected is 

Qb == -T0=^1 (0.24) (3245 -600) = 634.8 Btu per lb 

The net cycle work is 

Os— OiJ = 1300— 634.8 = 665.2 Btu per Ib or 517,500 ft-lb per lb 


The thermal efficiency is 

Wk 

J 

Qs 


665.2 

1300 


= 0.5117 or 51.17% 


This compares with the value of 51.17% obtained when using equation 16-3. 
The cylinder volume is 

F,=F,^=15.86(^) =85.76 cu ft 


(Fi is taken from Example 16—1. From the same source, F2=2.64 cu ft.) 

Finallj', 

517,500 JO o 
" (85.76 -2.64)144“ 

The mean effective pressure of the Brayton Cycle, although much 
larger than that of the Carnot Cycle, is very low in comparison with that 
obtained in the Otto, Diesel, and Dual Cycles. When reciprocating 
machinery is used, this low mean effective pressure is a very serious prob- 
lem. This fact, plus the requirement of two pieces of machinery in the 
Brayton CJycle rather than one, prevented extensive use of the Brayton 
Cycle. 

Rotating machines, such as gas turbines, can handle very large volumes 
per unit of time; hence, for them low mean effective pressures are not a 


* As the temperatures in the stationary parts of the system remain constant, the 
mpLximMvn temperatures must be kept down. This is done by using much excess air. 
This high value of heat added per poimd is used here to allow for comparison with the 
air-standard Otto Cycle, 
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senous hantiicap In very recent years, great improvements in the 
elements of the gas turbine have made them a competitor m the power 
generation field The elementary gas turbine follows the Brayton Cycle 
quite closely For a detailed discussion of the gas turbine, see Chapter 18 
The reversed Brayton Cycle is the basis of the air refngeration system 
See Chapter 12 


) 



CHAPTER 17 


INTERHAL-COMBUSTION ENGINES 

17-1. Introduction. — ^In a steam power plant, the products of com- 
bustion are not used in the power cycle; heat must be transferred from the 
products of combustion through walls to the working substance. Steam 
power plants, while having many advantages, have some serious dis- 
advantages which arise mainly from the fact that they are of the external- 
combustion t^T^e. To obtain high thermal efficiency in steam power 
plants, there must be many pieces of equipment such as boilers, furnaces, 
turbines, condensers, fans, pumps, economizers, air preheaters, and feed- 
water heaters. Such plants must be bulky and also expensive to operate 
in the low power field (below about 10,000 hp). 

Another drawback in the steam power plant is that there must be a 
large temperature difference between the products of combustion and the 
working substance to cause heat to flow into the working substance at the 
desired rate. The degradation in energy by this heat transfer limits the 
thermal efficiency (see Chapter 5). 

Today, the working fluid of the external-combustion power plant is a 
vapor. The major portion of the heat supplied is added at substantially 
constant temperature, as the fluid changes state. This temperature is the 
boiling temperature of the liquid for the allowable vapor pressure; and, for 
a gi^’en fluid, it can be increased only by increasing the allowable vapor 
pressure. It is desirable to have a fluid which not only boils at high 
temperatures for relatively low pressures but which condenses at approxi- 
mately condensing-water temperatures without exceeding commercially 
obtainable vacua. No known fluid is satisfactory as far as the desired 
pressures are concerned. Thus, the temperature range, and hence the 
efficiency, of the external-combustion engine power plant is limited. To 
overcome this limitation, attempts have been made to use a binary vapor 
cycle in which the efficiency is increased by the use of two fluids (see 
Chapter 7). However, in spite of improved efficiency, this type of plant 
is used only to a limited extent, for reasons given in Chapter 7. 

The internal-combustion engine, on the other hand, is compact, as 
combustion takes place within the working cylinder. Heat is transferred 
through walls only to keep internal surfaces cool. If this heat-transfer 
rate is sufficiently high, the maximum temperature reaqhed in internal- 
combustion engines is limited onlj’' by temperatures possible of attainment 
by combustion. Thus, the temperature range, and hence the efficiency, 
of the internal-combustion engine is inherently high. 

331 
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One disadvantage of tlie internal combustion engine is that it requires 
a higher grade fuel than does the combustion equipment of an external- 
combustion povv er plant This is so because the combustion in an internal- 
combustion engine is intermittent and takes place m a v ery short period 
of time m an extremely limited space In addition, a poor fuel burned m 
an intemal-combustion engine gives use to problems of detonation and 
also ash removal In the furnace of a steam power plant, on the other 
hand, the combustion takes place continuously in a large combustion space 
mth such devices as ignition arches to help bum a low grade fuel 

Another disadvantage of any reciprocating engine is that the weight 
of the reciprocating parts increases with the cylinder size faster than does 
the horsepower output Rotative speeds must therefore be reduced to 
hold the inertia forces to reasonable values With decreased rotative 
speeds there is a decreased power output Thus, mtemal-combustion 
engines with high power output per cylinder are bulky and heavy For 
internal combustion engines havang very large cylinders, the weight may 
exceed that of a steam power plant, including all of its auxiliaries, having 
the same output 

Except for the smaller sizes, the imtial cost of an internal combustion 
engine power plant is generally greater than that of a steam power plant 
For this reason, the mtemal-combustion engine is not used as a stationary 
power plant, except w here favorable location may mean that fuel oil of 
a good grade may be obtained at pnees comparable with those of coal 
The outstanding field of service for the mtemal-combustion engme is 
transportation For automotive, truck bus, and airplane services, its 
light weight,* low cost, small bulk, and high efficiency have made it pre- 
dominant In the last few years, mtemal-combustion engines hav e been 
used to an increasing extent for manne serv ice (below about a 20 000-hp 
power plant) There has been a pronounced shift to the use of mtemal- 
combustion engines in the railroad field more recently 

Intemal-combustion engines are classified as four-stroke-cj cle (or 
four-cycle) and two stroke-cycle (or two-cycle) engines Dunng the 
suction stroke of the four cycle spark igmtionf engme, the piston a moves 
down m the cylmder b, as showm m Fig 17~l(c) The inlet valve c is 
open, and the exhaust valve d is closed The suction created by the 
downward movement of the piston draws a mixture of air and fuel into the 
cylmder Shortly after the piston reaches the bottom of its stroke, or 
bottom dead center (BDC), the inlet valve closes As the piston moves 

• In the transportation field cylinder sizea are kept smftU to mmimire the weight 
If high poner outputs are reqiured many cylmders must be used 

t The term spark ignition as here used will refer to that type of engme using a 
gaseous or a light liquid fuel It does not include oil engines having spark igmtion 
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upward, as shown in Fig. 17-1(6), it compresses the charge. Somewhat 
before the piston reaches top dead center (TDC), the spark occurs, 
initiating combustion. The combustion then spreads throughout the 




combustion chamber, building up the temperature, and hence the pressure, 
witliin the cylinder. Because of this increase in pressure, much work 
done on the piston as it moves downward on the expansion stroke, as 
indicated in Fig. 17-1 (c). Just before the end of the expansion stroke. 
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the exhaust valve opens and some of the products of combustion rush out 
As the piston moves upward on the exhaust stroke, as indicated m Fig 
17-1 (d), it pushes out the major portion of the remaining eylmder contents 
Near top dead center, the exhaust \ alve closes and the mtake valve opens 
The cycle is then repeated 

In order to retain high thermal efficiency in the two cycle engine, the 
compression and expansion strokes must be retained If the mtake and 
exhaust strokes are to be eliminated, nays must be found to get the 
charge into the cyhnder and to get the exhaust gases out without depending 
on the piston These results are attained by supplying the charge to the 
cylinder under pressure The charge may be put under pressure by a 



Fig 17-2 Operation of Two Stroke Cycle Internal Combustion Engine 


separate compressor or by crank-case compression Fig 17-2 shows a 
two cycle gasoline engine with crank-case compression In engines having 
crank-case compression, it is common practice to eliminate the valves and 
to use ports which are covered and uncovered by the piston In Fig 
17-2{a), the piston o is moving upward, compressing the charge above it 
At the same time this upward movement of the piston creates a suction m 
the crank case b, drawing the charge into it through valve c (valve c is 
pressure actuated, opemng when the pressure in the crank case is less than 
atmosphenc and closing when it exceeds this value) In Fig 17-2(b), 
the piston is startmg its expansion stroke, the spark having imtiated 
combustion previously As the piston moves downviard, it compresses 
the charge in the crank case to a moderate value, say 5 psi gage In 
Fig 17-2(c), the left hand side of the piston has uncovered the exhaust 
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port dj and the exhaust gases start to rush out. With a slight additional 
piston movement, the intake port e is cracked, and the charge starts to 
enter the space above the piston from the crank case through the passage/. 
Fig. 17-2 (d) shows the position of the piston with the crank just after 
bottom dead center, both ports being open. A crown is often put on the 
top of the piston to deflect the incoming charge upward into the cylinder. 
As the charge is imder pressure, it tends to sweep the exhaust gases out 
ahead of it (f.c., to scavenge the cylinder). As the piston moves upward, 
it closes first the intake port and then the exhaust port. Compression 
then starts and the cycle is repeated. 

The fimdamental principle of operation of the four-stroke dieseF 
engine is the same as that of the four-stroke spark-ignition engine. How- 
ever, during the intake stroke (see Fig. 17-1) air alone is drawn into the 
cylinder. This air is compressed to a much higher pressure and tempera- 
ture during the compression stroke than is the case in the spark-ignition 
engine. Just before the end of the compression stroke, fuel under high 
pressure is injected into the cylinder. As the temperature of the air 
exceeds the self-ignition temperature of the fuel, combustion starts. There 
is no need for a spark plug. 

The difference between the spark-ignition engine and the diesel engine 
of the two-cycle types is the same as the difference in the four-cycle types. 
As no unbumed fuel is present in the cylinder during the exhaust period 
of a two-cycle diesel engine, none can be lost to the exhaust. In the two- 
cycle spark-ignition engine the fuel is mixed with the air as it enters the 
cylinder, and there maj^ be a serious loss of fuel to the exhaust. For this 
reason, except in small sizes, two-cycle spark-ignition engines are seldom 
used. However, work is being done on injection of gasoline into engines 
of the two-cycle type after exhaust closure. It is too early to arrive at a 
conclusion regarding the success of this design. 

Internal-combustion engines maj^ be classified on the basis of the types 
of fuel they use. Thus, there are gasoline engines, oil engines, kerosene 
engines, and gas engines. Attempts have been made to bum other sub- 
stances, such as powdered coal, but such engines are not used commercially. 

In the smaller sizes, internal-combustion engines are generaU}^ vertical, 
single-acting engines. Some automotive, rail-car, and marine engines 
have two banks of cylinders, being called Y-type engines from the arrange- 
ment of the two banks. Aircraft engines may have their cylinders arranged 
in-line, in-line inverted, radial (in one or more banks), or opposed (quite 
often horizontal). See the Appendix. 

* Although the terra “compression ignition” is truly descriptive of an engine 
depending on compression for its ignition, this text will follow common practice and 
call such engines “diesel” engines. 
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In the larger sizes, internal-combustion engines may be either vertical 
or horizontal, the larger of the horizontal ones quite often being double- 
acting. Some large vertical engmes are also double-acting. A special 
type of engine is the opposed-piston engine; here the cylinder is vertical 
and contains a piston in either end. 

Fig. 17-3 is a schematic diagram of a vertical four-cycle gasoline 
engine, with the principal parts labeled. 

★17-2. Combustion in the Spark-Ignition Engine. — ^In the spark- 
ignition engine, there is reason to believe that the fuel either is vaporized 
before the start of the compression process or becomes vaporized during 
the compression. The spark initiates a flame which spreads throughout 
the air-vapor mixture until the walls of the cylinder are reached, as 
indicated in Fig. 17-4. This is a time-taking process, the length of time 



Fig. 17-4. Spread of Flame Front, 
Starting from Spark, in Non- 
Detonating Cylinder 


depending on many factors. Flame propagation in a spark-ignition engine 
has been studied by various investigators and by various means. Spread 
of the flame is accelerated by any internal turbulence of the charge. In 
fact, were it not for the increased flame velocity at high rotative speeds 
due to this turbulence, modem high-speed spark-igmtion engines could 
not have been developed. However, as the flame velocity does not 
increase so fast as does the engine speed, it is necessary to advance the 
spark as the speed is increased, to permit the major portion of the charge 
to bum near top dead center and thus produce high thermal efficiency. 

A second important factor affecting flame velocity is the amoimt of 
dilution of the charge by clearance gas. The clearance gas, being inert, 
slows down the flame. Any item which will increase the ratio of clearance 
gas to fresh mixture will reduce the flame velocity and will therefore 
necessitate an earlier spark. Thus, at any given speed, a reduction in load 
necessitates a. spark advance, for the following reason. It is essential in 
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a spark-ignition type of engine to keep the air-fuel ratio within rather 
narrow limits, to insure flame propagation When the load is reduced, 
the fuel input is reduced To keep the desired air-fuel ratio within the 
desired range for flame propagation, the air flow must also be reduced * 
This reduction m the amount of charge means that the amount of clearance 
gases IS relatively large and that flame propagation will be slower 

As shown in Chapter 16, an increase in compression ratio results in an 
increase in thermal efficiency, as well as power output Early in the 
development of the spark igmtion type of engine, it was found that an 
mcrease m compression ratio resulted in detonation or knock When 
detonation becomes severe, both the thermal efficiency and power output 
fall off Continued operation of a detonating engine results in a tendency 
toward sticking nngs and burning of exposed parts such as valves and 
pistorm 



Fig 17-5 Self Ignition Occurring 
in Advance of Flame Front in 
Detonating Cylinder 

The mechani'sm of combustion m an internal combustion engine is 
complex, the mechamsm of detonations is more so It appears that there 
is more than one type of detonation However, it is fairly well agreed 
that when detonation occurs pressure waves travel through the cylinder 
with very high velocity and produce audible metallic sounds as they stnke 
the piston and cybnder wahs The mcst common type of detonatiow 
occurs when part of the charge in the cylinder self-igmtes before the flame 
front can reach it See Fig 17-5 To minimize type of detonation 
it is desirable to try to have the flame front move through the charge and 
bum it progressively before it can self-igmte Thus, m order to increase 
the compression ratio and obtain the higher thermal efficiencies and power 
outputs, it has been necessary to develop fuels that resist the tendency to 
self-ignite, i e , fuels which have higher self igmtion temperatures 

• The reduction in air fuel Sow w accomplished by means of throttling Like any 
other throttling this is a loss of available energy and causes a rapid reduction in the 
thermal efficiency of a spark ignition engine with load at any given engine speed 
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It is relatively easy to determine the self-ignition temperature of a fuel 
at atmospheric pressure. However, there is not good correlation of the 
self-ignition temperature of a fuel at atmospheric pressure vdth its tendency 
to self-igmte in an engine cylinder. Hence, the only satisfactory way to 
determine the tendency of a fuel to self-ignite in a cylinder is to test it in 
an engine cylinder. To obtain comparable results, it has become standard 
practice to use a single-cylinder engine run under specified conditions. 
This engine is known as a C.F.R. (Cooperative Fuels Research) engine. 
Since several problems are introduced if an attempt is made to measure 
the absolute amount of detonation produced when a part of a given fuel 
charge self-ignites, this is not done in the United States. The standard 
procedure is to compare the seK-ignition characteristics of the given fuel 
with those of standard reference fuels. The two reference fuels selected 
were normal heptane, which detonates readily in a spark-ignition engine, 
and iso-octane, which greatly resists detonation. 

The tendency of a fuel to resist self-ignition, and hence detonation, is 
expressed by means of its octane niiniber. The octane number of a fuel is 
that percentage by volume of iso-octane in a mixture of iso-octane and 
normal heptane which knocks vith the same intensity as does the given 
fuel under the same conditions. In recent years, fuels have been developed 
for high-compression engines, particularly of the aircraft type, which have 
better anti-detonating properties than those of pure iso-octane. To 
measure the detonating properties of these gasolines, known quantities of 
tetraethyl lead are added to pure iso-octane.* 

In addition to the anti-knock properties of a gasoline, a very important 
property is its volatility (f.e., its ease of vaporization). The gasoline must 
not be so volatile that it udii vaporize sufficiently in the fuel system between 
the fuel tank and the carburetor jet to interfere with the flow of the liquid 
fuel. On the other hand, the gasoline should have sufficient volatility 
to form in the cylinder the inflammable mixture needed for flame propaga- 
tion. This inflammable mixture should be formed under all conditions of 
operation. Because no gasoline has the correct volatility under all 
conditions, it is sometimes necessarj^' (as when starting a cold engine) for 
the carburetor to supply more gasoline than is needed for combustion in 
order that the partial vaporization of the larger amoimt of gasoline will 
produce the air-vapor mixture required for flame propagation. 

The discussion in this article has been centered on gasoline. However, 
other fuels should be considered for spark-ignition engines. Kerosene has 
been used to some extent for spark-ignition engiaes, but its volatility is 
poor and so are its anti-knock properties. Benzene, which is a coal-tar 

* In practice, the cost of normal heptane and iso-octane has led to the use of care- 
fully calibrated secondarj” reference fuels to determine the octane number of a fuel. 



340 


Engineering Thermodynamics 


distillate, has been used for blending with gasoline, as it is quite volatile 
and has excellent anti knock properties Various alcohols have been tned 
m mternal-combustion engines Although they are excellent anti-knock 
fuels, their heating values are roughly two-thirds of that of gasoline and 
they are much more expensive than gasohne under present conditions 

★17-3. Combustion in the Diesel Engme —As there are no spark 
plugs in a diesel engme, the fuel must self-ignite after it is heated by the 
highly compressed, high temperature air To minimize the amount of 
fuel burmng at once and causing knocking, the fuel cannot be put into the 
diesel engine before the compression stroke begins but must be put m just 
before the end of this stroke In the ideal ca^e, the fuel should bum as it 



Three Stages of Combuation 

comes mto the cyhnder In this way, the rate of combustion could be 
controlled by controlling the rate of injection * In the actual case, 
however, the fuel is not ready for combustion as it comes into the cylinder 
It IS cold and in the liquid state To transfer heat to the oil with sufficient 
rapidity to bring it to ignition conditions within the time penod available, 
there must be much surface for heat transfer To provide the required 
surface, the fuel must be highly atomized In high-speed engines, the mean 
diameter of the oil droplets is approximately half that of a human hair 
The entire combustion process in a diesel engine has been divided into 
three stages or parts by Ricardo See Fig 17-6 The first period is the 

* It should be kept in mind that theoretically the maximum efficiency is obtain^ 
in both the epatk ignition and diesel engines when combustion takes place entirely 
at top dead center In both types of engines however, this must be avoided because 
of detonation 
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ignition lag or dela}^ period. This is the period between the start of 
injection and the start of combustion. During this period, the fuel is 
being heated and vaporized. After it reaches its self-ignition temperature, 
there is an additional dela}", as a fuel must be held at its self-ignition 
temperature for a short period of time before combustion starts. The 
second period is the period of rapid combustion. Once combustion starts, 
the temperatures in the cylinder are greatly increased. Heat is transferred 
at a rapid rate not only to the oil in the cj^linder but also to that coming 
into the cylinder during the second period. Therefore, the fuel in the 
cylinder at the start of combustion bums rapidly, and the fuel coming 
into the cj^linder after combustion has started burns shortly after it comes 
into the cylinder. The combined result is that there is a rapid rate of 
pressure rise during this period. After the major portion of the fuel present 
in the cylinder at the start of combustion has burned, the rate of com- 
bustion will depend on the rate of injection. The burning of the additional 
fuel is the third period of combustion. As the piston is generally mo\dng 
down from top dead center during this period, there is little or no pressure 
rise during this period; in fact, the pressure may drop. In case the load 
is light, the injection of fuel may stop* before the end of the period of rapid 
combustion. In this case the third period will be Yevy short, and may be 
non-existent, as only that fuel, if any, which is still unbumed at the end 
of the second period can be burned during the third period. 

In case the rate of combustion is too high during the second period of 
combustion, the engine vdll knock. The primaiy factor affecting the rate 
of combustion during this period is the amount of fuel present at the start 
of the period. For a given rate of injection, the amount of fuel present 
at the start of the second period depends on the length of the ignition lag 
period. In general, then, any factor which reduces the length of the igni- 
tion lag period vdll reduce the rate of pressure rise during the second period 
and hence will reduce the tendency to knock. 

It should be noted that flame propagation is not essential to the opera- 
tion of a diesel engine; rather, the diesel engine depends on self-ignition 
of the fuel. Because the diesel engine does not depend on flame propaga- 
tion, it is not necessary to reduce the air flow to a diesel engine as the fuel 
flow is reduced at part loads. Hence, the throttling loss at part loads is 
avoided in a diesel engine and the air-fuel ratio is high; thus, the efliciency 
of a diesel engine does not decrease so rapidly vnth a decrease in load as 
does the efficiency of a spark-ignition engine. 

* The decrease in the amount of oil injected into the cylinder required by a decrease 
in load is obtained b^^ decreasing the length of the injection period in most diesel engines. 
This decrease is normalk obtained by changing the time at which injection of the fuel 
is terminated. 
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Whereas self-igmtion of a fuel is to be a\ oided in a spark ignition engine, 
it IS essential for a diesel engine Thus, the more suitable a fuel is to resist 
detonation m a spark ignition engine, the more unsuitable is the fuel for 
a diesel engine because of its tendency to knock in the diesel engine 
This self igmtion property of the fuel under engine conditions is one of the 
most important properties of a diesel fuel As in the case of a fuel for 
spark igmtion engines, the abihty to resist knock depends on its self 
igmtion property under engine conditions This property is spoken of as 
the igmtabihty of the oil 

As in the case of a gasoline engme, the only satisfactory* way of pre- 
dicting the Igmtabihty of the oil is to test it in an engine The engme u^ed 
IS a specially designed, specially operated single-cylinder engine The 
Igmtabihty of the oil is compared with that of various mixtures of cetane 
and alpha methyl naphthalene by measuring either the Ion est compression 
ratio at which the fuel mil self igmte or the compression ratio necessary 
for a fixed igmtion lag The result reported is the cetane number of the 
fuel This IS defined as that percentage by volume of cetane m a mixture 
of cetane and alpha methyl naphthalene which has the same igmtabihty 
as does the given fuel under the same conditions It must be emphasized 
that the volatihty of the fuel is not an indication of its igmtabdity Gasolme 
mil partly vaponze at \ery low temperatures and can be readily igmted 
by a spark, but its self igmtion temperature is much higher than that of 
kerosene or a die<5el fuel 

Another important property of a diesel fuel is its \Tscosity A viscous 
fuel resists atomization and the resulting droplets ha\e a tendency to be so 
large that they mil not vaporize m the time available Although it is 
true that many types of fuel mcludmg dusts and pondered coal may be 
burned after a fasluon the fuel for a high-speed diesel engme must ha-ve 
high Igmtabihty and must be capable of bemg broken down mto very 
small particles so that it may be brought to its self ignition temperature 
in a very short period of time At the present time, only a high grade of 
fuel oil satisfies the requirements 

17-4 Theoretical Air-Fuel Method of Cycle Analysis— The air 
standard method of cycle analysis is very \aluable m that the inherent 
characteristics of vanous cycles may be determined mth relatively few 
simple calculations Thus, it may be shown by use of the air standard 
analysis that, for a given maximum pressure the Carnot Cycle has an 
inherently low mean effective pressure as compared mth that of the 
corresponding Otto Cycle The air standard analysis of the Lenoir 

♦ There are some means of correlating fairly easily measured properties of a fuel 
oil with Its tendency to resist knock but tbe correlation is not perfect 
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Cycle shows that tliis cycle has a very low thermal efficiency because of 
the lack of compression of the charge before combustion. Internal- 
combustion engines the cycles of operations of which were patterned after 
the Lenoir Cycle were discarded with the development of the Otto-Cycle 
engine, which includes compression of the charge and hence has high 
efficiency. Another value of the air standard analysis is that it may be 
used to predict the relative effects of changes made in actual engines. 
For instance, a change in the compression ratio of a spark-ignition engine 
produces, roughlj^, the same percentage change in efficiency and maximum 
pressure as that shown bj^ the air standard calculations. 

Because the air standard analysis assumes an ideal working substance 
(air, which is treated as a perfect gas with constant specific heat), the 
efficiency calculated by the air standard analysis greatl}^ exceeds that which 
may be attained by a perfect engine.* Likewise, the temperatures and 
pressures calculated by the air standard analysis are very much higher 
than those which would be reached in a perfect engine, f Thus, it may 
be seen that the air standard analysis is not satisfactory in determining 
the degree of perfection of an actual engine. 

Many attempts have been made to modify the air standard method to 
obtain results closer to those which could be attained in a perfect engine. 
No satisfactory solution of the problem appeared until the work of 
Goodenough and Baker! was published. In their method, the efficiencies, 
temperatures, and pressures were determined as nearly as possible for a 
perfect engine using an actual working substance. In this perfect engine, 
charge is drawn into the cj’^linder and mixed vdth the hot clearance gases 
left in the clearance space, the mixture coming to a common temperature. 
The variable specific heats of the clearance gases, air, and fuel vapor are 
taken into account. At the end of compression, the charge is burned at 
constant volume (Otto C3^cle), the temperature and pressure greatly 
increasing; but the temperature is limited to a certain maximum value by 
dissociation of the products of combustion. The products of combustion 
expand isentropicallj", and during this process the dissociated products 
recombine. The variable specific heats of the iiidi\ddual substances are 
taken into account, as before. The exhaust starts at the end of the 
expansion stroke and continues for the entire exhaust stroke. 

* A perfect engine is considered to be one in which all mechanical imperfections have 
been eliminated. 

t In comparing the calculated quantities of the air standard analysis with similar 
quantities in the actual engine, it is assumed that the engine is an internal-combustion 
engine. For the gas turbine, with its low temperature range, deviations are not very 
great. This is also the case for a lightly loaded diesel engine. 

t Goodenough and Baker, Thermodynamic Analy^sis of Internal Combustion 
Engine Cycles,” Bulletin 160, Engineering Experiment Station, University of Illinois. 
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As dissociation of the products limits the maximum temperature, and 
Knee the eflBciency, a brief discussion of it is m order At bgh tempera- 
tures there is a tendencj for the products of combu'^tion to dissociate or 
break down, the carbon dioxide dissociatmg mto carbon monoxide and 
cxjgen, and the water lapor mto hxdrogen and 0x3 gen This tendencj 
Increases with an mcrease in temperature, dissociation bemg insigniEcant 
at temperatures around 2000 F but becommg qmte rapid at temperatures 
around 4000 F to 5000 F In the formation of the products b> combustion, 

energy is hberated ^Vhen the products dissociate, energj must be 
supplied In a combustion process, the air fuel mixture and the products — 

dissociated or otherwise — come to a state of dynamic equihbnum at a 
temperature known as the chemical eqmbbnum temperature At this 
temperature the tendencj of the fuel, air, and dissociated products to 
combme and hberate eneigj is exactlj balanced bj the tendenej of the 
products thus formed to dissociate and absorb energj higher tern 
jjerature than this can be reached Unless energy is removed by heat 
transfer or m the form of work, the temperature remains that of the 
chemical eqmhbnmn 

Calculations of eqmhbnum temperatures are qmte m%ohed For 
timatelj , charts ha^ e been prepared bj Her^hey, Eberhardt, and Hottel,* 
which take mto account not only the effect of dissociation but also the 
specific heats of the products of combustion of Csffis (or other hj drocarbons 
ha^ung the same hjdrogen-carbon ratio) and the xanable specific heats of 
the air-fuel mixture Bj use of these charts, the determmation of thermal 
efficiencies, pressures, temperatures, and mean effectii e pressures for the 
theoretical case are relati\ ely simple 

The chart of efficiencj prepared by Goodenough and Baker was based 
on «:pecific heat and dl^soclatlOu data that are now recogmzed as maccurate 
In addition, their efficiencies are based on the lower heatmg \ alue of the 
fuel, whereas it is often the practice m the Lmted States to base efficiency 
on the higher heatmg x alue For these reasons the authors ha\ e prepared 
the chart in Fig 17—7, showmg the thermal efficiency for the theoretical 
air fuel Otto Cj de, based on t'nebigber ’nealing x ^ue o5 'Cse'R'as 

made of the charts of Hershej , Eberhardt, and Hottel m the«e calculations 

From the discussion m Art 17-3, it maj be seen that the combustion 
m an actual diesel engme differs greatlj from the process reuiltmg from 
the constant pressure addition of heat as assumed for the theoretical 
Diesel Cycle The penod of rapid combustion tends to make the thermal 
efficiencj of the actual cycle higher than that of the constant-pressure 
Diesel Cj-ele In fact, as the third penod of combustion becomes rmm- 

• Hershey, Eberhaidt, and Hottel “Thermodynamic Properti« of the Working 
fluid in Internal Combustion Engmes.’ S A.E. Journal 39 409 (1936) 




Fig. 17-7. Theoretical Thermal Efficiecces vs. Compression Ratio for 
Various Air-Fuel Mixtures (Otto Cycle) 


mized, the efficiency of the actual engine should approach that of the 
theoretical air-fuel cycle, other losses being neglected. Thus, the theo- 
retical air-fuel Otto Cy^cle should be the limit of performance of an actual 
diesel engine, as well as the spark-ignition engine.* To cover a wide range, 

* It is realized that diesel fuels differ materially' from CsHis- Furthermore, in the 
actual diesel engine the fuel vapor is not compressed along irith the air, as assumed in 
the calculation of values used in Fig. 17-7. Since these deviations are small and have 
fcome tendency to compensate for one another, Fig. 17-7 may be used for diesel engines 
as well as spark-ignition engines for ordinary engineering work. 
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the efficiencies m Fig 17-7 are earned to compression ratios of 24 to 1, 
although compression ratios m actual diesel engines seldom exceed 17 to 1* 

17-5 Deviations of the Actual Engme From the Theoretical Air-Fuel 
Cycle — ^As nearly as possible, the theoretical air-fuel method of cycle 
analysis deals with a perfect engme using an actual working substance 
The thermal efficiency of the actual engine falls short of that of the theo 
retical cycle because of imperfections in the actual engme, such as the 
following 

(1) There are faction losses 

(2) There are heat losses 

(3) Distnbution of fuel and air to the various cylinders is not perfect 

(4) Combustion takes time 

(5) Combustion may not take place at the right time 

(6) Throttling action and turbulence occur through valves and mani- 
folds 

(7) Valves do not open and close at dead center 

(8) There is incomplete combustion (due to improper mixing) 

All these losses, except possibly friction, are thermodynamic losses Hence, 
they produce an indicated thermal efficiency less than the theoretical value 
Fnction losses cause the brake thermal efficiency to be lower than the 
mdicated \alue 

Approximately one-fourth to one third of the heating value of the fuel 
IS removed as heat by the jacket water of an internal combustion engine 
Offhand it may appear that the thermal efficiency would be greatly 
improved if it were pos'Jible to minimize the amount of heat transferred to 
coohng water Actually, however, this would not be true The available 
portion of the heat passing into the cooling water cannot exceed the 
thermal efficiency of the theoretical air fuel cycle The available portion 
of heat transferred is actually only a small portion of the total heat trans- 
ferred, as only a small portion of the heat is transferred at the time of 
ma xim um availability {le , at top dead center) Therefore, complete 
suppression of heat transfer to the cooling water of an engine having a 
thermal efficiency of 25% may increase the thermal efficiency to only 
about 29% 

As a result of the various losses, the indicated thermal efficiency 
usually IS between about 70 and 90 per cent of that of the theoretical cycle 
Thus it may be said that the indicated relative efficiency* of an engme may 

* The term relative efficiency means the ratio of the actual thermal efficiency to 
the thermal efficiency of the theoretical air fuel cycle As the thermal efficiency may 
be based on either mdicated horsepower or brake horsepower there may be i^icated 
and brake relative efficiencies Care should be taken to specify which relative efficiency 
18 being used It may be recalled that the engme efficiency is likewise on an mdicated 
or brake basis (see Chapter 7 ) 
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range from 70 to 90 per cent. Although it shows the over-all engine 
performance, brake relative efficiency may allow certain excellent engine 
features to mask poor ones. Thus, a swirl chamber diesel engine may 
have a poor mechanical efficiency, but because of an excellent thermo- 
dynamic performance may have a reasonable brake relative efficiency. 
By a study of the indicated relative efficiency and the mechanical efficiency, 
rather than the brake relative efficiency, it will be apparent that because 
of the low mechanical efficiency the over-all engine performance is by no 
means so satisfactory as the brake relative efficiency indicates. 

17-6. Factors Affecting Mean Effective Pressure and Power Output. 
The energy delivered to a piston of an internal-combustion engine depends 
on the following items: 

(1) Heating value of the charge supphed to the engine. 

(2) Amount of charge drawn into the engine (volumetric efficiency). 

(3) Efficiency of transformation of the heating value of the fuel into 
mechanical energy (indicated thermal efficiency). 

Air and fuel are supplied separately to the engine. Thus, in dealing 
with the heating value per cubic foot of charge supplied to the engine, it 
becomes necessary to speak of the heating value of an equivalent charge, 
f.e., a charge formed by assuming the fuel and air to be mixed at supply 
conditions. The heating value of this equivalent charge, expressed in 
Btu per cu ft, is equal to the heating value of the fuel as it approaches the 
engine di\dded by the total volume of air and fuel approaching the engine. 
This is true, regardless of whether the engine has a carburetor or liquid 
fuel is injected into either the manifold or engine cylinder. In case the 
fuel is supplied in the liquid state, its volume is extremely small and may 
be neglected. 

The heating values of theoretical mixtures of air and liquid fuel used 
in spark-ignition engines do not differ greatly, being about 100 Btu per 
cu ft of charge at standard conditions. A change in either the temperature 
or pressure at which the charge is supplied to the engine, or a change in 
the per cent of theoretical air used, may greatly change this heating value. 
As a gaseous fuel occupies appreciable volume, the heating value of a 
charge ha\mg a gaseous fuel is lower than one vdth a liquid fuel, varjdng 
from about 95 Btu per cu ft for a fuel vdth little inert matter to below 60 
Btu per cu ft for a gaseous fuel ha\mg much inert matter (such as blast- 
furnace gas). These figures refer to the theoretical air-fuel mixtures at 
standard conditions of 14.7 psia and 60 F. 

The piston of an engine sv’eeps out a given space during the suction 
stroke. Theoretically this space should be filled up with charge under 
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The rest of the volume, or 6 62-0 42 =6 10 units, is occupied by the charge If 
it IS assumed that the entue charge would be in the gaseous state under outside condi 
tions, its volume would eqiml 




Ans 


The portion of this volume of 4 31 unita which is air volume may be found by writing 
the combustion equation for the fuel (assumed to be Cg//u) Thus 

5 a +47 J\r, — ^ 8 COs+9 HiO+47 iV, 

12 5+47 0 

This shows that the air volume is ^2 5+47 6+1 ^ 100=^98 4 per cent of the charge 
volume, if the charge is all gas The air volume is 

431(0 9S4)=4 24 units 

In reahty the fuel approaching the engine is hqmd, and hence its volume may be 
neglected Then the volume approaching the engme may be taken as the air volume, 
or 4 24: umts The volumetric efficiency of the engme is 
Volume Approaching Engine ^, 

Piston Displacement 

The efficiency of transformation of the heating value of the fuel into 
mechanical energy (indicated thermal efficiency) is equal to the product 
of the theoretical efficiency and the relative efficiency The factors 
affectmg these quantities were discussed in Arts 17-4 and 17-5, to nhich 
the student should refer The method of usmg the vanous factors just 
discussed to compute the power output of an engine js shown m the 
following example 

Example 17-S — Compute the power output and the indicated mean effective 
pressure of a 6-cylmder, 4-cycle, smgle-actmg engine with a compression ratio of 7 to 1 
and a speed of 3600 rpm The indicated relative eCaciency is 80%, and the volumetric 
efficiency is 69 3% The engme is 4 in X5 m The theoretical air fuel ratio is used, 
the heating value of the fuel is 20 200 Btu per lb, and standard atmospheric conditions 
are assumed 

Solution — The volume of air used under atmospheric conditions is 


(4*)T(5) 


_^V6' 
1728 

The weight of air used 


^|^(3600)(0 693)-272 cu ft per n 


If the molecular weight of air is taken as 28 97 and the fuel is assumed to be CtHu 
the au fuel ratio is, by v, eight, 




Thus, the weight of fuel is 


20 77_ 


1 373 lb per mm 


15 12 

The beatmg value supplied to the engme is 

1 373(20 200) -27,730 Btu per min 
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From Fig 17-7, the theoretical efficiency is 37.7%. 

The indicated thermal efficiency is 37.7 (0.80) =30.2%. 
The indicated horsepower becomes 


ihp: 


27,730(0 302) 
42.4 


T97.5 


Ans 


The indicated mean effective pressure of the engine may be calculated from the 
ihp, 01 it may be calculated directly as follows: 

The volume of air per lb of fuel is 


F= 


WRT_ (15. 12) (53.3) (520) 
P (144) (14.7) 


= 198 cu ft 


The heating value per cu ft of charge (outside conditions) is 


20,200 

198 


= 102 Btu 


The heating value per cu ft of piston displacement is 

102(0.693) = 70.7 Btu 

The work per cu ft of piston displacement is 

70.7 (0.302)(778) = 16,610 ft-lb 

The indicated mep is 


16,610 

144 


= 115 psi 


Ans 


Example 17-3 , — A diesel engine has a brake mep of 95 psi when using 0 42 lb of fuel 
per bhp-hr. The heatmg value of the fuel is 19,200 Btu per lb. The engine is supphed 
with 270 cu ft of air per lb of fuel. Calculate the volumetric efficiency of the engme. 


Sohiiion . — ^The product of the heating value of the charge supphed to the engine, 
in Btu per cu ft, the volumetric efficiency, and the brake thermal efficiency equals the 
brake work m Btu per cubic foot of piston displacement. The brake w'ork in foot-poimds 
per cubic foot of piston displacement is numerically equal to the brake mep in pounds 
per square foot. 

The heating value of the charge supplied to the engine equals 


19,200 

270 


= 71 1 Btu per cu ft 


Brake Thermal Efficiency = q ^ 2(19 200) 

Then, (71 l)(Vol. Eff.)(0 3 16) (778) =95(144) 

from which Vol. Eff. =0.783 or 78.3% Ans 

A knowledge of the heating value Qn p of the fuel is not necessary for the solution 
of this problem, as may be seen by combimng all steps. Thus, 

and Vol. Eff. =0.783 or 78.3% Ans. 

17-7. Engine Performance. — It is customary to show the performance 
of a variable-speed engine by plotting its characteristics against engine 
rpm. The two chief characteristics are brake horsepower and brake 
specific fuel rate (lb fuel per bhp-hr). It is, however, desirable to study 
those factors that influence these two main characteristics; and auxfliary 
characteristics, such as volumetric efficiency, imep, bmep, torque, ihp, fhp, 
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and mechanical efficiency, are often plotted The primaij plot is made for 
the engine mth \^ide-open throttle, although part-throttle results are often 
shown The charactensties discussed here are for nide-open throttle 
Typical performance curves are shown m Fig 17-9 



Volumetric Efficiency The first characteristic that should be studied 
IS volumetnc efficiency, as the power output depends directly on the amount 
of charge drarni mto the cyhnder The shape of the volumetnc-efficiency 
curve depends on the timing of the mtake valve In an automotive 
engine, the time of intake-valv e closure is a compromise At high speeds 
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maximum use is not made of the inertia of the incoming charge; -R-hereas, 
at lo-vr speeds some of the charge may be pushed back into the intake 
manifold. For this reason, the volumetric efficiency of an automotive 
engine generally peaks at a medium speed, say 1200 to 2000 rpm. The 
volumetric efficiency falls off gradually as the rpm is reduced below this 
value. As speeds are increased above the medium speed, the volumetric 
efficiency falls off gradually at first; and then at high speeds, as the pressure 
across the valves becomes excessive, there is a rapid decrease in volumetric 



rpm 

Fig. 17 - 10 . Contrast in Volumetric EflSciency vs. rpm for 
Variable-Speed and Racing Engines 


efficiency with rpm. See Fig. 17~9. If the engine is to be designed pri- 
marily for operation at high speed, say for a racing car, the volumetric 
efficiency should be sacrificed at low speeds and the inlet valve should not 
be closed until the cylinder pressure is as high as possible at high speeds. 
In this case, the maximum volumetric efficiency occurs at high speed. See 
Fig. 17-10. The volumetric efficiency of an average slow-speed gasoline 
engine may reach a value as high as 90%, but in a high-speed engine 
that is properly timed to take advantage of inertia effects, the volumetric 
efficiency may approach 100%. 

iTidicaied mep: Although volumetric efficiency is an outstanding factor 
in determining the indicated mep produced by an internal-combustion 
engine, the heating value of the charge and the indicated thermal efficiency 
are equally important. With the same fuel and with constant supply 
conditions, the heating value of the charge will vary only if the air-fuel 
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ratio IS varied With full throttle, there is little need to vary the air fuel 
ratio as the speed is varied However, if the carburetor cannot supply a 
constant air-fuel ratio, the heating value of the charge will change with a 
change in speed As the engine is not designed for full load operation at 
very low speed, a poor thermal efficiency under these conditions does not 
constitute a design problem Se\ eral mmor factors contribute to a some 
what lower thermal efficiency under these conditions In general, the 
indicated mep of an internal combustion engine at full throttle folloivs the 
volumetric-efficiency curve rather closely, but at low speed it falls off a 
httle more than does the volumetric efficiency 

Indicated Horsepower For a gi\en engine the indicated horsepowei 
IS directly proportional to the product of the indicated mep and the rpm 
At low and moderate speeds, there is not a pronounced change in mdicatet 
mep Hence, over this range, the ihp curve is almost a straight line, thr 
ihp being practically proportional to the rpm At higher speeds thr 
decrease in indicated mep causes the ihp curve to fall away from a straight 
line, and at very high speeds the indicated mep falls off faster than the 
rpm increases, and the ihp decreases 

Friction Horsepower The fnction horsepower of a given engine is a 
function of the product of the factional resistance and the rpm The 
major portion of engine faction m an internal combustion engine is the 
fnction between the rings and cylinder walls, and between the pistons and 
cyhnder walls Here, because of the acceleration and deceleration of the 
piston, the thickness of the oil film is continually changmg Although at 
times of reversal of motion, the oil film may be extremely thin for the major 
portion of the time the oil film is thick enough to be treated as a thick oil 
film With a thick oil film the factional resistance is directly proportional 
to the speed Hence, the factional horsepower should increase faster than 
the rpm Test results show that this is true 

Brake Horsepower Brake horsepower is the difference between the 
indicated and faction horsepowers As the faction horsepower increases 

somewhat lower than that of maximum ihp The speed for maximum 
bhp IS knowm as the peak speed of the engine This is the speed at which 
automoti\e engines usually are rated 

Mechanical Efficiency Mechanical efficiency is the ratio of the brake 
and mdicated horsepowers or it is the ratio of the brake horsepower to the 
sum of the brake and fnction horsepowers Since the friction horsepower 
increases faster than the rpm and since the brake horsepower fails to 
increase as fast as the rpm, the mechanical efficiency must decrease as the 
speed increases The decrease is gradual at low speeds, but becomes very 
rapid at high speeds 
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Brake mep: The brake mep is the mep obtained by setting the bhp 

PLAN ^ 

equal to gg qqq and solving for P. The indicated mep is an indication of 

the amount of Tvork per unit of piston displacement per cycle. As it is 
difficult to determine accurately either the indicated mep or the ihp for a 
high-speed internal-combustion engine, the brake mep is calculated and 
used instead. Brake mep is also equal to the product of the indicated 
mep and the mechanical efficiency. Hence, the cur^^e for brake mep is 
quite similar in shape to that for the indicated mep, but it falls off faster 
at high speeds. 



Per Cent of Rated Brake Load 

Fig, 17-11. Typical Brake Fuel Bates and 
Mechanical Efficiency for Constant-Speed 
Engines 

Torque: Torque is the turning effort produced by an engine. It may 
be thought of as the force, acting at a radius of 1 ft from the center of the 
shaft, which will produce the same work that is produced by the engine. 
For a given engine, torque is a direct function of brake mep and, as such, 
the torque cur^^e must have the same shape as the mep curv’e. 

Brake Fuel Rate: The brake fuel rate (sometimes called brake specific 
fuel consumption, bsfc) is the weight of fuel required per bhp-hr. Brake 
fuel rate is inversely proportional to brake thermal efficiency. Since the 
indicated thermal efficiency falls off at low speed, the brake fuel rate 
becomes relatively high. At high speed, although the indicated thermal 
efficiency remains high, the excessive frictional losses cause a decrease in 
the brake thermal efficiency and an increase in the brake fuel rate. 
Although the cun^es that have been discussed are those of a variable-speed 
spark-ignition engine, the curv^es for a diesel engine are similar. 

For a constant-speed engine, the curve most commonly plotted is the 
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brake fuel rate vs load, although curves of mechanical and thermal 
efficiencies may also be plotted See Fig 17-11 For both the diesel and 
the spark-igmtion types of engines, the brake fuel rate increases at heavy 
loads primarily because of the large amount of incomplete combustion 
that accompames the low air fuel ratios used to obtain the hea\T loads 
At light loads, the brake fuel rates for both types of engines become rather 
large, pnmanly because the friction hp, being substantially constant at a 



Fig 17-12 Effect of Supercharging on bbp 
given rpm, is such a large portion of the indicated pov er output at light 
loads, hence, much more fuel must be u'sed per brake hp at these light 
loads In addition, as the spark-ignition type of engine is governed by 
throttling at light loads, the efficiency is poor because of the large throttling 
loss 

Supercharging The limiting factor on poMer output of a non-super- 
charged engine is the amount of charge or air it can draw in Because of 
the great decrease m atmosphenc density vath an increase in altitude, it is 
customary to supercharge aircraft engines to enable them to deliver sea- 
level power at high altitudes without increasing the v eight of the engines 
Diesel engines for both marine and railroad purposes are supercharged to 
a large extent, as supercharging matenally reduces both the size and weight 
of the engine In the case of slow speed diesel engines of the stationary 
type, there has been a tendency to resort to supercharging to decrease the 
bulk of the engine 
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A supercharger is a compressor (generally of the rotative t 3 rpe to 
minimize size and weight) which draws into itself more air or charge than 
can the non-superctiarged engine to which it is to be attached. Super- 
chargers may be of either the displacement type or the centrifugal type. 
See Chapter 11 for descriptions of the various types of rotating compressors. 

The power output of an engine equipped vith a supercharger depends 
on the amount of charge delivered by the supercharger, and this amoimt 
in turn depends on the speed and 
volumetric eflSciency of the super- 
charger. A supercharger of the dis- ^ 
placement type will deliver more | le 
charge at all speeds than would the § 
normally aspirated engine, but the | 
supercharged engine is particularly % 12 
effective at high speeds as its volu- §■ 
metric efficiency falls off less rapidly x 
at high speeds than does that of s 
the non-supercharged engine. See 
Fig. 17-12. 

★17-8. Carburetion. — The 
purpose of the carburetor of an 

internal-combustion engine is to supply the engine ^vith the desired air- 
fuel ratio vdth the fuel well atomized. Normally the time available is not 
sufficient to provide for much vaporization of the fuel in the carburetor, 
even though the fuel may be very volatile. Hence, the vaporization must 
be done in the intake manifold and engine cylinder. 

The air-vapor ratio must be kept vdthin a rather narrow range, in order 
that the flame wlQ spread throughout the combustion chamber. The 
carburetor should supply an air-fuel ratio such that at all times, regardless 
of conditions of operation, the air-vapor ratio produced vdfl be vdthin this 
narrow range. A good carburetor vill, however, do more, because a 
relatively small change in air-fuel ratio may change both the thermal 
efficiency and the pov^er output, as shown in Fig. 17-13. The cun^es in 
Fig. 17-13 are drawn for a particular engine with given speed and given 
inlet conditions. A change in any of these items will change these cur\’’es 
and may change the air-fuel ratio at which these curves peak. It should 
be noted that there is little variation in the power output from its maximum 
value as the air-fuel ratio is varied from 10 to 14.5; but over the same 
range the efficiency varies materially, reaching its maximum with a lean 
mixture. As the air-fuel ratio approaches either the lean limit or the rich 
limit, the thermal efficiency and the power output fall off quite rapidly. 
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Fig 17-14 Typical Automobile Carburetor 



carburetor must have an idling device, a device to p^o^ ide additional fuel 
during acceleration, and a choke to provide a nch mixture for starting 
Thus, to perform its functions satisfactorily, an automotive carburetor 
must contain many parts Fig 17-14 shows the cross section of a typical 
automotive carburetor 

The rapid decrease in air density mth altitude mil cause the air fuel 
ratio of an airplane carburetor to decrease rapidly unless steps are taken 
to correct this Simple airplane carburetors have manual means of 
decreasing the fuel flow at high altitude to maintain desired air-fuel ratios, 
whereas carburetors for the larger airplane engines are designed to do this 
automatically 

Because oC several problems peculiar to airplane carburetors, it has 
been found desirable m airplane uork to use an injection type of car- 
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buretor in T.’hich the fuel is injected under pressure at the supercharger 
entrance or into the intake manifold. In some cases, the carburetor has 
been eliminated entirely and gasolme has been iujected directly into the 
engine cylinder during the suction stroke. 

■^17-9. Diesel Fuel Injection Systems.— There are two general types 
of fuel injection systems for the diesel engine, namely, the air injection and 
the mechanical (formerly knoum as the solid injection) system. 

In the air injection system, a three-stage or four-stage air compressor 
delivers air to the injection valve, where the air entrains oil and carries 
it into the cylinder. The air injection system gives good atomization; but 


Htgh-Pressure Fuel Line- "Common Rail" 



the air compressor required is a drawback, as it occupies space ^ increases 
original costs, consumes power, and adds to the maintenance problems. 
In addition, the injection nozzle is complicated and expensive. The 
earlier diesel engines were air injection engines; but, as the mechanical 
injection system was improved, it gradually displaced the air injection 
system until today the use of the air injection system is confined almost 
entirely to the older engines. 

The mechanical injection system consists of a fuel pump and an injec- 
tion nozzle. Normally the fuel pump is located near the engine shaft 
and hence must be connected to the injection nozzle by means of a pipe 
line. In some cases the injection nozzle and the pump are built together 
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as one unit, known as the unit injector There are t\\o general types of 
mechanical injection systems, the common-rail system and the jerk pump 
system In the common rail system, which is represented in Fig 17-15, 
a rauUi cylinder pump delivers oil to a common header or rail at pressures 
ranging from about 2000 to 5000 psi Fuel lines lead from the header 
to the injection nozzles of the various cylinders The fuel from the 
injection nozzle enters the engine cylinder through one or more small 
openings (onfices) In the line between the header and the injection 
nozzle IS located a control valve, which may be operated mechanically or 
magnetically This control valve controls the start and the length of the 
injection period 



Fig 17-16 Jerk-Pump Type of Diesel Fuel 
Injection Bystem 


The jerk-pump system, represented m Fig 17-16, is u'sed much more 
extensively than is the common-rail system In the jerk pump system, 
there is an individual pump for each cylinder, although it is common 
practice to group the \ anous pumps of a multi cyhnder engine in a single 
casting, the pump plungers being operated by cams mounted on a common 
camshaft The pump plunger is long in companson mtb its diameter 
The plunger being without nngs, clearances between the plunger and its 
barrel must be carefully controlled to mimmize leakages This require- 
ment calls for excellent manufacturing equipment and workmanship 
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A system which cannot be classified completely as either a jerk-pump 
system or a common-rail system is the Cummings sj^tem. In this system, 
oil is delivered to a distributing unit which meters the fuel. From the 
distributor, the oil is delivered in turn to the various cylinders before the 
time for injection. At the time injection is desired, a plunger in the 
injection valve is mechanically pushed down on the oil beneath it, building 
up the high oil pressure required for satisfactory injection. 



Most of the injection nozzles used for the jerk-pump system are closed 
injection nozzles. Such a nozzle is shown in Fig. 17-17. The closed 
injection nozzle has a valve held on its seat by a sufficiently heavy spring 
to prevent its opening imtil the oil pressure reaches the desired amount. 
This desired oil pressure working on part of the bottom of the valve is 
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sufficient to move the valve against the spring pressure, causing it to open 
and allow flon 

To be satisfactory, a diesel fuel injection system must meet the follow- 
ing requirements at all times (1) It must deliver the correct amount of 
oil, (2) it must inject the oil at the right part of the cycle, (3) it must 
provide proper atomization, (4) it must provide distribution of the fuel 
in the cylinder In the common-rail system, the metenng of the fuel and 
the timing are controlled at the control valve In the jerk-pump system, 
these two operations are controlled in the pump The oil pressure and 
the design and location of the injection nozzle control the atomization and 
distnbution of the fuel m the cylinder 

The most common nay of controlling the amount of oil delivered by 
the jerk pump to the line, and hence to the injection nozzle, is by varying 
the effective length of the pump stroke The Bosch pump, shown m 
Fig 17-18, IS typical of this method In the Bosch pump, the pump 
plunger is rotated to control the effective length of the stroke Delivery 
starts when the top A of the pump plunger closes the suction and by pass 
ports Delivery continues until the edge of the helical cut B in the plunger 
starts to uncover the by-pass port (which leads to the suction line) A 
study of Fig 17-19 will show the method of rotating the pump plunger to 
change the tune at which the helix starts to uncover the by-pass port 

Fuel IS atomized in the cylinder as the high-i elocity oil stream shoots 
through the dense cylinder air, the air peelmg off the outside layer of the 
fuel stream Surface tension causes these shom-off particles of oil to 
assume droplet form If the flow through the orifices is turbulent, the 
individual particles have a cross-stream velocity as well as a forward 
\ elocity In this case, as the stream loses its restraining walls upon 
passage into the cyhnder, the cross stream velocity cames the individual 
particles out of the stream, thus producing additional atomization 

Distribution of the fuel in the cylinder is accomplished by penetration 
(shooting straight ahead through the dense air) and by dispersion (spread- 
ing out of the fuel jet as it enters the cyhnder) The reistive swounts of 
dispersion and penetration desired depend on the shape of the combustion 
chamber, as well as on the location of the injection nozzle It should be 
emphasized that the injection nozzle and its location must be chosen to 
fit the combustion chamber 

Most large engines are direct injection engines, t c , fuel is injected 
directly into the mam combustion chamber Many small engines how 
ever, use the precombustion arrangement shown in Fig 17-20 to reduce 
the delay period, to limit the pressure in the mam part of the cyhnder, and 
to make the engine less sensitive to nozzle performance Proper atomiza- 
tion and distribution, of the fuel may be obtained with a lower injection 
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Bottom End of Bottom End of Bottom 

of Stroke Delivery of Stroke Delivery of Stroke 


Maximum Delivery Normal Delivery Zero Delivery 

(a) (b) (c) 

Fig. 17 - 18 . Pump Barrel With Various Plunger Positions 





Fig. 1 , 7 - 19 . Pump Element in Section 
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pressure if a precombustion chamber is used This is an auxiliary chamber 
connected to the mam chamber by a small opening Oil is injected into 
the precombustion chamber at pressures ranging from 900 to 1500 psi or 
more As the walls of the precombustion chamber are not well cooled, 
vaponzaticn and partial combustion of the fuel take place, accompamed 
by a rapid pre^^sure rise This high pressure causes a rapid flow of the 
mixture of hot gases and fuel through the small opening into the mam 
combustion chamber, thus producing the desired atomization and dislnbu- 
tion of the fuel 



Fig 17-20 Piecombustjon Chamber Fig 17-21 Turbulence Chamber 
ot Diesel Cylinaet ot "C-yhiiivi 


Another type of combustion chamber that is used to a large extent 
is the turbulence chamber, shown in Fig 17-21 This is also a com- 
bustion chamber attached to the engine cylinder, but it is larger than the 
precombustion chamber In contrast to the precombustion chamber, 
which IS designed to have only sufficient combustion to provide good 
combustion m the mam combustion chamber, the turbulence chamber 
IS designed to burn the major portion of the fuel within itself To minimize 
the amount of excess air required and, at the same time, to insure good 
combustion, the turbulence withm the combustion chamber must be high 
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GAS TURBINES 

18-1. Application of the Brayton Cycle to Gas Turbines.— As stated 
in Chapter 16, the Brayton Cycle is poorly suited to piston engines for 
several reasons, chief of vliich is its lov mep. Because rotating machinery 
(especially of high rpm) can handle large voliunes of gases without excessive 
weight and space requirements (as stated in Chapter 11), the low mep of 
the Brajtion Cycle is not a determining factor in the gas-turbine unit. 



Fig. Diagram of Simplest Form of Combustion-Turbine Plant 

The Brayton Cycle, modified, is adaptable to gas turbines for the following 
reasons: (1) A gas turbine uses a separate compressor and combustion 
chamber; (2) combustion occurs at nearly constant pressure; (3) expansion 
can be carried to nearly exhaust pressure (whether in the turbine itself 
or in a jet exhaust); (4) generally low over-all pressures are used, so that 
it is possible to use a high-speed centrifugal or turbo-compressor having a 
relatively low weight and a high mechanical efficiency. It may be asked 
why the gas turbine was not in the limelight long ago. One answ^er lies 
in the compressor. As ^dll be seen later in this chapter, a large part of the 
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gross \\ork produced by the turbine is consumed by the compressor, and, 
unless the compressor is very efficient, the net nork output of the unit will 
approach the vanishing point Another feature is that the er-all thermal 
efficiency is greatly affected by the maximum temperature reached, until 
comparatively recently, the maximum temperature that could be safely 
used on turbine blades because of metallurgical bmitations was too low 
The mherent advantages of an efficient, bght weight, compact power umt 
such as the modem gas-turbme plant are further intensified when one 
considers the question of fuel By not requiring a highly refined fuel — 
fact, by not necessarily reqmnng a liquid fuel but by being capable of 
operating on pulverized coal — ^the gas turbme possesses many inherent 
advantages 



Fig lS-2 Diagrammatic Layout 
of Gas Turbme Plant 


Fig 18-1 shows a section sketch of a gas turbme and compressor umt 
havmg a 5-stage turbme rotor on the same shaft as the 15-stage compressor 
which it dn\es Fig 18-2 shows a diagrammatic sketch of the com- 
pressor combustion chamber, and turbine Air enters at pomt 1 and is 
compressed to pomt 2, at which pomt it enters the combustion chamber 
Here fuel is added and burned, the products of combustion leaving at 
pomt 3 and entenng the turbme, expanding to exhaust at pomt 4 Com- 
pare Fig. 18 2 with Fig 16-10 Figs 18-3 and 18^ show correspondmg 
points 1, 2, 3 and 4 on diagrams constructed by using P-V and T S 
coordmates, respectively 

It wall be noted that there is hghtly sketched through points 1, 2', 3', 
and 4' a Brayton Cycle operating between the same extremes of tempera 
lures (Famihanty with the avr-standard Brayton Cycle of Chapter 16 
is here assumed, otherwise, that chapter should be reviewed) TJie 
departure of the actual cycle from the air-standard Brayton Cycle is 
caused by the following conditions 

(a) Compression, e\en though it may be adiabatic is not reversibly 
adiabatic and hence is not isentropic 
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(&) Flow through the combustion chamber is accompanied by a 
'pressure drop. (It should be recalled that irreversible processes do not 
mean that the area on a T~S plane denotes Q, even though lines are solid.) 

(c) Even though the operation of the turbine is adiabatic, it is not 
reversibly adiabatic, and hence is not isentropic. (Recall to mind steam 
turbines considered in Chapter 10.) 



Fig, 18-3. P-V Diagram for Gas-Turbine Plant 

(d) The cycle is usually open, taking in air, adding fuel, and expelling 
exhaust gases at a pressure sometimes equal to, but often above, that at 
which air entered. 

(e) The working substance is not a perfect gas. 

18-2. Energy Analysis. — Figs. 18-3 and 18-4 are sketched so th?!: 
both the actual cycle and the Brayton Cycle here depicted operate with 
the same compressor pressure ratio. In Chapter 16, the air-standard 
thermal efficiency of the Brayton Cycle (based on the nomenclature of 
Figs. 18-3 and 18-4) was shovm to be as follows: 



Brayton Thermal Eff = 1 

(18-1) 

or 

Brayton Thermal Eff = 1 

(18-la) 



Pig 18-4 T S Diagram for Gas Turbine Plant 


The thermal efficiency of the actual cycle is not so simply determined 
as that of the air-standard cycle, the five deviations listed m Art 18-1 
enter into the picture, particularly the factors causing entropy increases 
m the compressor and turbine Bnefly stated, the actual thermal efficiency 
based on the net shaft ^vork output is 


Actual Thermal Eff= 


Net Work Output 
Heat Supphed 


Turbine Shaft Work -Compressor Shaft Work 
’ Heat Supplied in Fuel 


The turbine shaft work may be found by multiplying the turbme internal 
work by the turbine mechanical efficiency, the compressor shaft work, by 
dividing the compressor mternal work by the compressor mechamcal 
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efficiency: and the heat supplied in the fuel, by multiplying the -freight 
of fuel used by its heating value. 

While there are several methods whereby explicit figures may be used 
in determinmg the actual thermal efficiency, a simple method is to base 
the energy quantities on 1 pound of air entering the compressor. K TT/ 
represents the fuel-air ratio by weight, or the number of pounds of fuel per 
pound of air, the weight of the products of combustion will be (ir/d-l) lb 
per poimd of air. Let Effr-r represent the mechanical efficiency of the 


Fig. lS-5. Diagram for Example 1&-1 


turbine and that of the compressor- If both the turbine and the 

compressor are considered as steady-flow adiabatic machines, the internal 
work of each will be equivalent to the change in enthalpy between entrance 
and exit. Hence, 

W jQp 


(1&-2) 


where Qp is the fuel’s heating value at constant pressure, and the sub- 
scripts of the enthalpy terms are in accordance with Figs. lS-3 and IS— I. 
Ether Qhp or Qlp may be used. Although, as stated in Chapter 13, most 
engineers in general work in the United States use the higher heating value, 
gas-turbine engineers have shown a preference for the lower value. 
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Examph 18 1 —Calculate the actual thermal efficiency of a gas-turbme un t havmir 
a compressor prepare ratio of 6 if the «*pecific enthalpies at pomts 1 2 3 and 4 in the 
cycle are re-^pcctiveh 124 27 22^ 20 493 9' and 335 S6 Btu per lb The fuel^ 
ratio by tee ght IS 0 0159 and the fuel s heating value is 19 SOO Btu per lb Each machine 
has a mechanical efficiency of 9S% 

Solution — See Fig lS-5 for a sketch of the cj cle constructed by using hS cootdi 
nates as will appear later these cooitlinates have distinct advantages Substitutin'^ 
m equation 18-2 we obtain “ 

Act. Thermal Eff _ 01h9)f493 97 -33o 86) (0 93) -fy>2 20-124 27)~fQ 93) 

(0 01o9)(l9 SOO) 

0 182 or IS 2% Ans. 



S 

Fig I5-€. Diagram for Compressor 


It IS of interest to note that the corresponding air standard Brayton 
Cycle with a pressure ratio of 6 irould haie an efficiency of 40% li is 
also of interest to note the small fuel air ratio which is a characteristic of 
gas turbmes in order to keep down the temperature of the gas entering the 
turbine It should be recalled that a large amount of excels air will 
accomplish this Metallurgical considerations limit present gas turbine 
temperatures to approximately 1800 F, but higher temperatures should be 
expected m the near future, especially with cooled blades 

18-3 Internal Efficiencies — As «!hown m Chapters 10 and 11 the 
internal efficiencies of turbmes and compressors are based on the ratio of 
the internal u ork actually performed to that uhich would be performed by 
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an ideal machine operating between the same 'pressure limits. For gas 
turbines and compressors (either radial or axial flow), the ideal is taken as 
the isentropic work between the pressures under consideration, the position 
of the isentropic being located at conditions entering the machine. Fig. 



Fig, 18-7, Diagram for Gas Turbine 


18-6* shows the conditions for a compressor and Fig. 18-7 is for a turbine, 
the nomenclature used on these two diagrams corresponding to that on 
Figs. 18-3, 18-4, and 18-5. 

For the compressor, the internal efficiency (sometimes called ‘^adiabatic 
efficiency'') is 

Compressor Internal (18-3) 


Compare Fig. 18-6 with Fig. 11-10. 
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For the turbine, the internal efficiency is 

Turbine Internal (18-4) 

Typical values for compressors are from 78 to 85%, and those for gas 
turbines are from 80 to 90% In the evaluation of enthalpies, the prop- 
erties of air are customarily used, since the products of combustion contain 
a preponderance of excess air A simple analysis of the gas-turbme cycle 
can be approximated by using perfect-gas Ian'S (Cp«024), but, smce the 
influence of temperature on specific heat is important, it is preferable to 
evaluate the expression dh ~ Cp dT hy the methods of Chapter 14 for vana- 
ble specific heat Fortunately, while gas turbines involve high tempera- 
tures and high velocities, the pressures are lou , hence, the effect of pressure 
on specific heat can be neglected, compensation bemg solely for tempera- 
ture 

'yirl8r-4. Gas Tables — ^With the idea of providing a convenient set of 
properties of air based on the available data on specific heats as a function 

TABLE 18-1 


THERMODYNAMIC PROPERTIES OP Am-* 


T (abs) 

1 ^ 

1 1 

‘r 

1 ” 

1 * 

300 

71 61 

0 17795 

2395 

1709 

1401 

350 

83 67 

0 304S 

2395 

1710 

1401 

400 

93 53 

0 4838 

2396 

1711 

1401 

450 

107 50 

0 7329 

2397 

1712 

1400 

500 

119 48 

10590 

2399 

1714 

1400 

550 

131 46 

1 4779 

2402 

1717 

1399 

600 

143 47 

2 005 

^406 

1721 

1398 

650 

155 50 

2 655 

2412 

1726 

1397 

700 

167 56 

3 446 

2418 

1733 

1396 

750 

179 66 

4 396 

2426 

1741 

1394 

800 

191 81 

5 526 

2436 

1751 

1392 

850 

204 01 

6 856 

2447 

1762 

1^9 

900 

216 2(1 

8 411 

2460 

1775 

1386 

1000 

240 98 

12 298 

2488 

1803 

1380 

1100 

265 90 

17 413 

2518 

1833 

1374 

1200 

291 30 

24 01 

2550 

1864 

1 368 

1300 

316 94 

32 39 

2582 

1896 

1361 

1400 

342 90 

42 88 

2614 

1928 

1 355 

1500 

369 17 

55 86 

2644 

1959 

1350 

1600 

395 74 

7173 

2673 

1988 

1 345 

1700 

422 59 

90 95 

2701 

2016 

1340 

1800 

449 71 

1 14 03 

2728 

2042 

1336 

1900 

477 09 

141 51 

2753 

2067 

1332 

2000 

504 71 

174 00 

2776 

2090 

J 328 


* Bepnnttd by pernussioa from 0*3 Tables by Keenan and K*ve published by John Wiley A Sons 
Inc 
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Solution —As indicated by the actual path m Fig 1 8-8 there is an increase in entropy 
from the initial temperature to the final temperature because of irreversibility IVom 
Table 18 1 the value of h at 850 R is 204 01 Substitution of proper values m eouation 
18 3 then gives 

Compressor Internal 856 or 85 6% Ans. 

The remaining columns m Table 18-1 are self-explanatory and are 
mcluded to show the variation in these items from perfect-gas values 
Smce tables for low-pressure air are based on the assumption that the gas 
constant R is truly invariable, accurate values of specific volume, intrinsic 
energy, and entropy changes can be computed with the given tabular 
values 

Combustion Chamber Energy Balance — As the compressed 
air leaves the compressor, it enters the combustion chamber, where a con- 
tinuous firmg of fuel takes place As this operation is merely another 
application of the general energy equation for steady floiv, one need only 
balance the energies flowing in against those flowing out By applying 
the equation for a steady-flow calorimeter for determinmg the heatmg 
value at constant pressure, and recalhng that here there is a large per cent 
of excess air with a small heat loss and there is a possible kinetic energy 
of consequence of air and (or) gas, the burner energy equation per pound 
of air entering is as follows 

Tf/(Chem (18-5) 

where the quantity (Chem En +ft) is for the fuel and Qio»b represents the 
(usually small) heat transfer through the combustion-chamber walls per 
pound of air 

Frequently, combustion is incomplete, m spite of the huge amount of 
excess air, when this is so, the condition is customarily corrected for by 
multiplying the chemical energy by the so-called “efficiency of combus- 
tion ” This efficiency ranges from 85 to 100% 

It wnll also be noted that the introduction of kinetic-energy terms in 
equation 18-5 causes the air and the products of combustion to have a total 
energy greater than that due to enthalpy, this total energy has given rise 
to a new set of properties, designated by some engmeers “stagnation' 
properties the most common of which is “stagnation enthalpy ” Briefly 
stated, this enthalpy is the sum of the conventional h and the kinetic 
energy, and is designated by the subscript 2 ero Thus, 
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The stagnation temperature is that temperature which corresponds to 
/loj and the stagnation pressure is that which would be reached by isen- 
tropically raising the temperature from the true temperature T to To. 
Fig. 18-9 shows the relationship between the true properties and the 
stagnation properties, designated by the subscript 0. 

While the stagnation properties are fictitious^ their convenience to the 
designer must not be overlooked, especially where high-speed rams and 
jets are involved. The details of the ram, for instance, cause complica- 
tions where ram efficiency is involved; but these complications are easily 
simplified by the use of stagnation properties. 

\h 



s 


Fig. 18 - 9 . Relation Between True Properties 
and Stagnation Properties of Gas 


★l8-6. Regeneration as an Aid to Efficiency. — So far, all discussion 
of the subject of the gas-turbine cycle has been based on the fact that the 
air went from the compressor directly to the burner. Fig. 18-10 shows 
diagrammaticaUy the use of a heat exchanger between the compressor and 
the burner to heat the air by extracting energy from the products of com- 
bustion lea\dng the turbine. The fact that the air vdll thus reach the 
burner at a greatly elevated temperature tends to decrease IF/; reference 
to equation 18-5 will show that, since hz is limited by the allowable maxi- 
mum temperature in the turbine, any increase in h 2 vdH decrease W f, 
Wlien this fact is properly applied, it can have an enormous influence on 
the thermal efficiency. The difficulties of application are chiefly con- 
cerned vnih the amount of heat-transfer surface and vnth the pressure drop 
caused by the fluid flow over so much surface. The large surface is 
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occasioned by the fact that the heat transfer is through a gas film on each 
Bide of the metal all through which the heat flows, and gas films naturally 
cause poor heat transfer A given gas turbine unit without a regenerator 



Fig 18-10 Use of Heat Exchanger Between 
Compressor and Burner 

can be made to hate a greater thermal efficiency by the addition of the 
regenerator, but the umt with the regenerator will have slightly less power 
owing to the regenerator pressure drop (the maximum temperature remain 
mg the same) 


hi 



Fig 18-11 Effectiveness of Eegenerator 


The extent to which the air is heated to approach the exhaust-gas 
temperature is called regenerator efficiency or, better, regenerator effec- 
tiveness This relation may be stated more exphcity as follows The 
effectiveness of a heat transfer apparatus, such as a regenerator, is the 
ratio of the heat transferred to the amount that would be transferred if, 
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in this case, the cooler fluid reached the maximum temperature of the 
hotter fluid. 

In Fig. 18-11 is shown a counterflow temperature distribution between 
two fluids; they flow in opposite directions, and the '‘warm'’ fluid rejects heat 
to the “cool” fluid. Obviousty, if the exit temperature of either fluid 
were to equal the entering temperature of the other fluid, the maximum 
heat transfer would take place. Then, 


Regenerator Effectiveness = 


Heat Actually Transferred 
Maximum Possible Heat Transfer 


T\Tien effectiveness is defined in terms of enthalpies, it maj be expressed 
as follows: The enthalp}^ of the air lea^'ing the compressor is If that 
air reached the temperature of the turbine exhaust, its enthalpy would be 
Ju. By introducing the symbol /ix for the enthalpy of the air actually 
emerging from the regenerator, we obtain: 

Regenerator Eff — ^ (18-7) 

— n2 


An alternate definition of effectiveness is based on temperatures. 
This definition is 

m m 

Regenerator ^ (18-7a) 

1 4 — i 2 


Example IS-If ., — Consider that the gas-turbine unit in Example 18-1 is equipped 
with a generator having an effectiveness of 60%. If other conditions remain unchanged, 
what is the thermal efficiency? 

Solution . — Substituting in equation lS-7 to determine hs, we obtain: 


from which 


0.60 = 


- 222.20 

335.86-222.20 


/ix= 290.41 


It is now necessary' to determine the new fuel-air ratio, IF/. This is found by 
equation 18-5, for which additional data are needed. The sum of the fuel's chemical 
energ}’' and its enthalpy is 18,385 Btu per lb of fuel; the burner heat loss and combustion 
inefficiency amount to 784 Btu per lb of fuel. C^^th no regeneration, substitution of 
these values in equation 18-5 will give Wf equal to 0.0159, as previously used.) How- 
ever, using /lx in place of hz for air entering the burner, and considering any velocity 
effects on both sides of the equation to be contained in the enthalpies, we get: 

TF/(18,3S5)+290.4=(TF/d-l)(493.97) + (784)(TF/) 

from which 

TT /= 0.01 19 lb fuel per lb air 


By equation 18-2, 
Act. Thermal Eff = 


1.0119(493,97 -335.86) (0.98) - (222.20-124.27) (0.98) 

(0.01 19) (19,800) 


=0.242 or 24.2% 


Ans. 


This is a considerable improvement over the previous value of 18.2%. 


The subject of regeneration is so important that, at low pressure ratios, 
an actual gas-turbine unit vdth a regenerator having an effectiveness of 
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90% can have a thermal efficiency greater than that of an air-standard 
Brayton Cycle of the same pressure ratio, as shown m Fig 18-12 In 
this figure, the efficiency of the air-standard Bra 3 ^on Cycle increases with 
the pressure ratio, as expected, each curve for the actual gas turbine unit 



2 4 6 B 10 


Compressor Pressure Ratio 

Fig 1&-12 Efiect of Regeneiation 
on Tbermnl EfiSciency 

has a peak, indicating one pressure ratio for which the efficiency is a 
maximum The data common to these curves are as folloivs compressor 
internal efficiency, 0 85, turbine internal efficiency, 0 87, regenerator 
pressure loss on air side, 1 5% for a regenerator effectiveness of 60% and 
5% for an effectiveness of 90% The \anous pressure losses naturally 
cause slight changes in the turbine exhaust conditions, so that the net 
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work output per pound of air entering the compressor is slightly reduced 
as regenerator pressure losses increase. 

Another consideration besides the influence of regeneration — that 
should be significant in indicating a great future for the gas turbine is the 
effect of metallurgy on the maximum temperature which can be allowed. 
In Fig. 18-13 are shown the materials of construction and the operating 
temperatures for a gas turbine used for ship propulsion. 


HIGH PRESSURE TURBINE 
S 590 Rotating Blades, Discs, Bolts 
N 155 Stationary Blades, Diaphragms 
25 12 Casings 


LOW PRESSURE 
COMBUSTION 
CHAMBER 
25 20 Flame 
Cones (1800 FJ 
19 9W Mo 
Liner and Shell 


mUM FKtSSUKt 
jT, COMBUSTION CHAMBER 
=ij^25 20 Flame Cone (1800 F) 
19 9W Mo Liner and Shell 

i 


LOW PRESSURE 
COMPRESSOR 
Meehanite Rotors, 
Casing 



DUCT. 
19 9W Mo 


LOW PRESSURE TURBINE 
S 590 Rotating Blades, Discs, Bolts 
N*155 Stationary Blades, Diaphragms 
25 12 Casings 


INTERCOOLER 
70 30 Cupro Nickel Tubes 
Invar Frame 


Fig. 18-13. Diagram of 2500-Hp Ship-Propulsion Gas-Turbine Cycle, Showing 
Materials of Construction and Operating Temperatures 


In summation, let it be reiterated that the fundamental thermo- 
d 3 mamic fact regarding the gas turbine and its compressor is that of the 
influence of temperature on work done between two pressures. The 
designer's goal is to obtain a high temperature of gas entering the turbine 
for maximum output and a low temperature of air entering the compressor 
for minimum input. The fundamental thermodynamic valiciity of this 
goal is contained in the expression 
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This expression, first noted in a footnote of Art 6-10 has had numerous 
applications throughout this text Stated in 'svords, it can be »!aid that 
the “flare” of the constant pre^^re hnes on the H-S plane is due to the 
fact that thej become steeper as the temperature nses Note the many 
instances of the use of this /wndanien/aZ fact in deahng xnth thermodynamic 
problems 



CHAPTER 19 


STEADY STATE HEAT TRANSFER 

19-1. Fundamental Concepts. — ^As previously stated, heat is defined 
as energy transferred from one substance to another substance because of 
a temperature difference existing between the two substances. The time 
rate of this energy transfer, usually expressed in Btu per hour, has its 
analogies in both the field of hydraulics and the field of electricity. In 
heat transfer, a flow of Btu per hour against a thermal resistance is due to 
a temperature difference. In hydraulics, a flow of pounds of fluid per hour 
against a resistance is due to a pressure difference. In electricity, a flow 
of amperes against a resistance is due to a voltage difference. Thus, the 
fundamental concept of heat transfer may be based upon that of flow of 
Btu through a conductor which offers a resistance. 

One often hears of the three methods of heat transfer — conduction, 
convection, and radiation. Conduction within a substance is described 
as the transfer of energy by molecular contact. Convection is described 
as the transfer of energy by mass movements of fluids. Radiation is a 
transfer of energy by electromagnetic waves. Convection is not actually 
a separate method, as conduction to or from the fluid is really what con- 
stitutes the heat transfer, and the movement of the fluid carries the energy 
transferred to another location. A household hot-water heating system is 
a good example of this type of transfer. 

19-2. Ohm’s Law Analogy. — ^To return to the electrical 
consider Ohm's Law, which may be expressed in the form 

^ . Potential Change, in volts 

Current, m amperes = ^ = — uZZ 

’ ^ Resistance, m ohms 

Let this law be applied to a d-c circuit, noting carefully the values in 
Fig. 19-1. 

The current in a series circuit is the same throughout; and the voltage 
drop across parallel resistance is the same. Now substitute a thermal 
circuit for an electric circuit; and consider the 100 Btu per hr flow from 
1100 F to 710 F through a circuit to which Fig. 19-2 appfies. This circuit 
is similar to that in Fig. 19-1, but temperatures are substituted for voltages. 

The part of the circuit in Fig. 19-2 at the left might represent the tem- 
perature distribution when a source of heat energy at 1100 F transfers 


analogy, 

(19-1) 


381 



382 


Engineering Thermodynamics 



Fig 19-1 Application of Ohm’s Law to Senes and Parallel Circuits 


Btu through a fluid film by conduction and radiation to a it all of a given 
material ^\ith its nearer surface at 1030 F The resistance of the wall 
causes a drop of 200 deg before the other surface is reached Then con- 
duction and radiation through another fluid film cause the Btu to reach 
the ultimate receiver of heat at 710 F Compare temperatures and 
voltages m the two diagrams 


19-3. Heat Conduction — ^Now concentrate on the wall itself in Fig. 
19-2 In the application of Ohm’s Law in Fig 19-1, the units, volts, 
amperes, and ohms can be directly apphed In a circuit hke that in Fig 
19-2, when Btu per hour are substituted for amperes, and degrees tem- 
perature are substituted for volts, the resistance can be handled as folloi\s 


g __ AT 
A lies 


(19-2) 


where 9= heat transfer, in Btu per hour, 

A =wan area normal to path of heat flow, in square feet, 

AT = temperature drop across wall, in degrees F or Rankme, 

Res = resistance to heat flow, m square foot-hour-degrees per Btu 



Fig 19-2 Heat Transfer Application 
of Ohm’s Law Analogy 
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At this point, the units of resistance seem to have little significance. 
Novr consider the following relation between this resistance and the wall 
thickness x: 


Res 


X 

X 


where x=wall thickness, in feet; 

X= thermal conducti^dtj”,* in 


Btu 


sq ft hr 


deg 

ft 


(19-3) 


This thermal conductmty X is a specific item which is a property’' of 
the material of which the w'all is composed. The units of conductmty 
may be rearranged as follows; 

Btu ft 
sq ft hr deg 


It is mad\Tsable to further simplify the units of X, as an incorrect con- 
cept of the nature of this term may result. 

Let us return to the quantity- -r, the units of which are This 

A' hr sq tt 

quantity is often called either heat flux or thermal current. 

In the fundamental statement of the units of X, the denominator con- 
tains the fractional term representing “degrees per foot.” This can be 
dT 

written -j-, and is known as the temperature gradient at any point x. If 
ax 

the temperatiue drops at a uniform rate throughout the entire thickness 

dT AT 

of the wall, as in Fig. 19-2, -j- can be replaced by — . Under steady 

ax X 

flow conditions, this occurs w’hen X has a constant value, or when an 
average value of X is used as a constant value. This latter procedure is 
quite well justified, as the variation of X mth temperature is nearly linear. 
In general, when there is onlj^ one resistance, 


q _AT _AT ^\AT 
A Res X X 
X 


(19-4) 


For several resistances in series, as in Fig. 19-3 (a) or (b), 


q ^ XiATi ^ XoAr. Arover-aii 
A xi X 2 w Res 


(19-5) 


* The symbol Oambda) X has been chosen to represent conductivity rather than 
which appears in much heat transfer literature, to avoid confusion with the adiabatic 
exponent. Lambda is also used to represent conductivity in Keenan and Kaye's Gas 
Tables, 
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In either (c) or (b) there are two dissimilar substances In (a) each sub- 
stance has the same thickness x m (b) the substance with the flatter 
gradient has a greater thickness than the other substance Hence, the 
total change m temperature AT over-all is greater in (o) than m (b) The 
effect of insulation thickness on plane walls can be seen here For mstance, 

let — = 100 = 0 4, and = 1 ft Then, by equation 19^, ATi = 

250 deg If X2=0 2 and X 2 also is 1 ft, as in Fig 19-3 (a), then AT2=500 
deg and ATover-aii = 750 deg If, however, ^ is unchanged and xj is only 
0 5 ft, as in (b), then Ar 2 = 250 deg and ATover-«ii = 500 deg 
Stated differently, the resistance ^ is or 2 5 ~ 

conditions m Fig 19-3 (a), the resistance ^ is or 5 whereas 

, ^ Xs 0 5 ^.sqfthrdeg 

for Fig 19-3 (b) the resistance is or 2 5 

■^19—4. Generalized Treatment of Heat Conduction m Sohds — The 
foregoing sections have treated the simplified case of conducted heat 
transfer In the first place, the problem was treated as one-dimensional 
heat flow (t e , the slab transferrmg heat was thin m comparison with its 
length and width and, hence, substantially all the heat passed through 
the slab and none "leaked" out at the ends) In the second place, steady 
state heat transfer was also assumed This means that the solid transferring 
heat had reached equilibrium conditions In other words, at no pomt in 
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the solid was there any change in temperature with time. This one- 
dimensional steady state heat flow is encountered in many engineering 
problems, such as heat flow through building walls, through furnace walls, 
and through pipes and their insulation, 

A differential equation may be written for the very general case of 
heat transfer through solids. This expression for three-dimensional heat 
conduction in the unsteady state is: 

^ y, 2 , 2/' T, e) 

y, z, T)^ (1QH5) 


where x, y, and z are linear dimensions, 0 (theta) is time, c is specific heat, 

c 

and V is specific volume; the properties X and - are functions of the coordi- 
nates and of the temperature; and g, a rate of heat supply per unit volume, 
may also be a function of time. The solution of this expression is quite 

Cm 

involved. However, if X, g, and - are substantially constant, the following 

simplification will be obtained : 

d^T d^T d^T q_^ c ^ 

dx^'^ v\dB a de ^ ^ 


This introduces a (alpha), which is called the thermal diffusivity and is 

it is expressed in square feet per hour, 
c 


If there is no temperature change with respect to time and there is 
no heat storage, the following further simplification, kno^vn as Laplace’s 
equation, results: 

d^Td^Td^T , . 


If boundary conditions can be established, solutions may be obtained. 
These often involve infinite series. To save time and avoid repetitious 
calculations, graphs have been constructed for some of the more common 
engineering applications. These are available in those texts dealing exten- 
sively with unsteady state heat flow. 


19-5, Heat Conduction Through Cylinders. — ^Up to here, quantitative 
examples have been confined to steady state heat flow where A has been 
constant. The steady state studies will be continued, but vith the area 
variable. One immediate application of this is in the field of thick-walled 
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cylinders with radial heat flow, as m Fig 19-4 Here the inside and out- 
side diameters are D, and D«, and the wall thickne&s is 

Hence the resistance to heat flow is 




D,^Di 

2 \ 



Dq 


Fjg Thick Walled 

C7hndei 


The heat flux, or thermal current, 4-, is based on the mean area A„ 
(mean circumference times length of pipe) so that 


q AT AT _ 2Mr 
Res Dc~D, Do~D, 
2X 


( 19 - 9 ) 


The mean circumference, as found by integration, is 



( 19 - 10 ) 


Therefore, the heat transfer, in Btu per hour, is 


2XAT 

'Do- 



(19-11) 


where L is the length of pipe, m feet This equation is also very con- 
venient for considering the heat transfer per foot of length 
* The symbol In is used to designate the natural loganthm or log. 
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Since usually is not the ultimate object desired, but or — fre- 

Ao Ai 

quently is sought, the following conversions are of interest: 


and 


g - g g 

Ao A^irDjb A^^D, 

-g =-g_v^ 

Ai A„^Di 


(19-12) 

(19-12a) 


A similar relation may also be derived by dividing the heat transfer 
per foot of length by the appropriate circumference. Thus, 


q _ 27rXLAT _ 2\AT 


(19^13) 


At this point it is well to keep in mind the fact that the Btu per hour 
are the same for both outside and inside, and common sense should show 


that 


JL<JL<± 

Aq -Atji At 


(19-12b) 


Likewise, consider the magnitudes of the figures concerning Am* As 
Di approaches Do in value, the logarithm of ~ approaches 0, and the 


logarithmic mean approaches the arithmetic mean. In fact, personal 
errors may make the logarithmic method inaccurate; it is well to check 
one’s figures by keeping the '^^alue of the arithmetic mean diameter in 
mind. When the inner diameter is within 80 per cent of the outer diameter, 
the arithmetic mean will ser^^e for most purposes. 

As an illustration of heat flow through a thick cylinder, let X=0.06, 
Ti=400 F, To = 200 F, A* = 6 in., and Do= 12 in. Then the wall thickness 
wdll be a; = 3 in., or 0.25 ft. The thermal current based on mean area is 


q ^ 400-200 ^ Btu 
Am~' 0.25 sqfthr 

0.06 


The arithmetic mean diameter would be 0.75 ft, and the true mean 


diameter is 


Dm^ 


1-0.5 0.5 

■ln2 


In 


iu) 


= 0.721 ft 


The heat flow per hnear foot of pipe length would be 

, Btu 


48X0.72l7r=109 


ft hr 
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The thermal current based on outside area would be — , or 34 

ir sq ft hr 

Note that this result would have been obtained by correcting ■— by the 

diametral ratio, accordmg to equation 19-12 Thus, 48 ^ —-34 6 

Likewise, would be 48X ^J^ -, or 69 2 — 

0 5' sq fthr 

19-6, Complex Won-Plane Walls — When complex plane u alls were 
bemg studied, it was seen that since A was constant, the thermal current 
could be evaluated as 

g_ ^ToTgr-»II 

A SHes 

When A IS variable, the thermal current may be computed by converting 
each resistance to the same area basis The area chosen, for example, 
may be the outer cylindrical surface 



For the conditions in Fig 19-5, let Dimi be the mean diameter between 
and and let, be the. mean diameter between A and A Then, 
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TABLE 19-1 

TYPICAL VALUES OF X, EXPRESSED IN 


Substance 

Temperature, deg F 

100 1 

400 1 

700 

1000 

150C 1 2500 

Thermal Conducthnty, \ 

Aluminum 

132 

131 

131 



Copper 

220 

215 

210 

205 


Mild steel 

26.4 

25.6 

24.0 

21.9 


4~6% Cr, 1% Mo alloy steel 


20.6 

19.7 

19.2 


First quality firebrick 

.358 

.466 

.575 

.683 

.866 1.23 

Insulating foebrick 


.129 

.146 

.163 

.191 .... 

High-temperature block 






insulation 

.057 

.059 

.061 

.062 

.064 .... 

85% magnesia insulation 

.034 

.043 

.052 



Liquid water (saturated) 

.36 

.38 

.23 




Mercurj’' Oiqtiid) 

4.85 

4.85 

4.85 



Steam (low pressure) 

.014 

.020 

.028 

.050 


Air 

.0158 

.0227 

.0292 

.0362 


Hydrogen 

.108 







Again it can be said that if the temperature change across any of the 
individual resistances is knovm, the heat flow can be evaluated by consider- 
ing that resistance alone. Values of X for various materials are given in 
Table 19-1. 

19-7. Convection. — ^VTien heat is transferred by convection, currents 
are set up in a fluid (liquid or gas) so that mass movement results in a con- 
tinual sweep of the fluid over solid boundaries. The conduction of heat 
from the molecules of the fluid to those of the solid differs from the previous 
concept of conduction in that the fluid molecules are in mass motion. 

Convection may be dhdded into two classes: natural convection and 
forced convection. If a sphere is heated above room temperature and 
suspended by a wire from the ceihng, the molecules of air surrounding 
the sphere will undergo an increase in temperature. The heated air 
together vdth the cooler room air will set up an upward air flow around 
the sphere because of a natural density difference. This air flow vdll 
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continue as long as the sphere is warmer than the room air, and heat 
■mil continually be removed by mass flow of the molecules This form of 
convection is kno^^^l as natural, or free, con\ ection 

If air were blown over the sphere by a fan, forced convection would 
result In all cases of forced convection, some external means is employed 
to set up mass movements of the heating or coolmg fluid The hot gases 
sweeping over the convection elements of a steam generator are set m 
motion by stack draft or fans, this is an example of forced convection 


lP-8 Natural Convection — ^When heat is remo% ed from, or imparted 
to, the surface of a body by natural convection currents which it sets 
up m a surrounding fluid at a different temperature, the rate of transfer 
depends on its size, shape, and inclination to the vertical, as well as on the 
nature of the fluid and the temperature difference Furthermore, the heat 
transfer may be modified by the presence of other surfaces so disposed as 
to interfere wnth com ection streams 

It IS possible, by means of dimensional analysis, to combine those 
variables affectmg the heat transfer by con\ ection into several dimension- 
less groups (A dimensionless group is such a combination of \anables 
that when consistent units are used for them all, the umts of the variables 
cancel out, leavmg a quantity without dimensions) The dimensionless 
groups may be treated as i ariables, and the number of \anables invoHed 
IS thus reduced After the dimensional groups are set up, it becomes 
necessary to establish the relationship between the groups by experiment 
Such dimensional groups may be set up for natuml convection heat transfer 
Howeier, these expressions are rather imolved and there is considerable 
doubt about the proper relationships between the dimensionless groups 
under many conditions For this reason empirical or semi empincal equa- 
tions are frequently used for natural-convection beat transfer, particularly 
when the fluid mvoKed is air 

Several investigators have de\ eloped expressions for the heat loss from 
bodies of different shapes surrounded by air R H Heilman gives the 
folloiving expression for natural con\ ection loss in still atmospheric air 


q C(Ar)t Btu 
sqfthr 


(19-15) 


"Where T«vg = average of the absolute surface and ambient air temperatures, 
m degrees Rankme, 

diameter or height or width of the surface, in inches 
C = shape factor A change in the dimension d has little effect 
when the i alue exceeds 24 m , i e , the heat lost by an object 
of large dimensions is assumed to be the same as that for 
d=24 m 
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The shape factor C has the following values; 


Horizontal C3^1inders 

1.016 

Long vertical cylinders 

1.235 

Vertical fiat plates 

1.394 

Horizontal plates facing upward 

1.79 

Horizontal plates facing down 

0.89 

Spheres 

1.82 


_ If we divide the thermal cun’ent by AT, we get a value designated by 
he. Thus, 

T _ q _ Btu 

^ AAT (d)o-2(TavJ°-'''sqfthrdeg (19-16) 

This quantity he is the convection heat-transfer film coefficient at the 
surface where convection is taking place. N'ote carefully the units in which 
he is expressed and how they differ from those in which X is expressed. Some 
authorities further distinguish between these terms by pointing out that 
one refers to conductance and the other to conductivity. 

The sjunbol h is now so widety used as the term for enthalp}^ as well as 
the term for heat-transfer film coefficient that a word of caution in the 
application of nomenclature is included here. In this text a “bar” is 
used above the letter h designating the heat-transfer film coefficient. 
Although the ultimate aim should be to enable the student to understand 
the terms vlthout being tied dovm to the symbols used, it is considered 
helpful to free the no^’ice from the handicap of nomenclature confusion. 
Once master}’’ of the subject has been gained, the “bar /i” may be dropped 
in favor of the standard h widely used in current engineering literature. 

19-9. Radiation. — This third mechanism for heat transfer may be 
defined as the transfer of energy by means of electromagnetic weaves due 
to temperature excitation. These waves require no medium for their 
propagation, being as readily transferred across a void as across an air 
space. They include X-rays and radio weaves as well as the infra-red rays 
commonl}^ assigned to the band titled “heat radiation.” Further examina- 
tion of this band would show that most of the radiant heat transfer occurs 
at wavelengths that are not \isible to the eye. A large number of engineer- 
ing problems involve the transfer of radiant energj^ from one surface to 
another across an inten^ening space. If a surface is in contact with a gas, 
energy is also transferred by convection; then both processes are operatiug 
in parallel and should be separately calculated for the total heat transfer. 

Boltzman show^ed by theimodynamic reasoning that energy is radiated 
from a body in proportion to the fourth po\ver of its absolute temperature. 
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Stefan had previously indicated this by use of experimental data The 
resulting Stefan-Boltzman equation is 

!■= 17 30X10-107-* (19-17) 

where j is the energy radiated, m Btu per sq ft hr, and T is the tem- 
perature of the radiating body, m degrees F abs The constant 17 30 X 10“'® 
has been determined experimentally The expression m this form is for 
“black body” radiation only 

A “black body” is an ideal emitter and absorber, m that all radiant 
energy fallmg upon it is absorbed Some substances approach the ideal 
* black body,” while others are far from being perfect emitters or absorbers 
Radiant energy fallmg upon a transparent body may be absorbed 
reflected, or transmitted through the body If a is the proportion of the 
radiant energy received which is absorbed, r is the proportion reflected, and 
< is the proportion transmitted then a-|-r-l-i=l A glass plate would be 
an illustration of this case Most substances are opaque to radiation, and 
that portion not absorbed is reflected In such a case, 1 

The ratio of the portion absorbed to the total radiation fallmg upon a 
body IS known as the absorptivity The maximum rate of emitting energy 
IS then had with a ‘ black body ” When other materials are used, the 
Stefan-Boltzman expression is modified by an enussivity factor which is 
less than umty Then 

4=17 30X10-'“ eT* 

A 

The factor e varies with the material, temperature, and character of 
the emittmg surface and must be detemuned experimentally Values for 
various surfaces are given m Table 19-2 

This ermssivity factor compares the energy emitted by an actual body 
to that of a ‘ black body” at the same temperature (It should be noted 
that the absorptivity equals the emissivity when the body temperature 
13 the same in each case and tor radiation of the same wavefength } 

19-10 Interchange by Radiation — ^A body at any temperature above 
absolute zero radiates heat to its surroundmgs, even though they may 
exist at a higher temperature than the body itself The surroundings 
would then radiate to the body at a greater rate, with the resulting transfer 
of energy to the body from its surroundmgs This transfer leads to the 
followmg general expression for calculating the net energy mterchange by 
radiation 

g = 17 SOX 10-'“ F,FaA(Ti*- Ts*) 



Steabt State Heat Transfer 


393 


TABLE 19-2 

EMISSIVITY RATIOS FOR SURFACES 


Surface | 

Temperature 
Degrees F 

Emissivity 

Ratio 

Aluminum plate, polished 

73 

0.040 

Brass plate, polished 

100-600 

0.096 

Brass plate, dull 

120-660 

0.22 

Brass plate, oxidized 

1110 

0.59 

Cast-iron plate, polished 

392 

0.21 

Cast-iron plate, rusted 

67 

0.68 

Cast-iron plate, rough and oxidized 

100^80 

0.95 

Steel plate, rough and oxidized 

100-700 

0.94-0.97 

Silver, polished 

100-700 

0.022-0.031 

Asbestos paper 

100-700 

0.93-0.945 

Plaster, rough lime 

50-190 

0.91 

Roofing paper 

69 

0.91 


In this equation T\ is often taken as the higher of the two surface tem- 
peratures; Fa is an arrangement factor, having a value between zero and 
unity, which must be used to allow for the relationship of the two surfaces 
with regard to the shape and position of each; and Fe is evaluated by 
properly considering the emissivity and arrangement of both surfaces. 
(It is customary practice for engineering problems to take the individual 
emissivity values at the higher of the two surface temperatures.) Since 
the expression now includes an area term q is the energy radiated, in 
Btu per hour. 


19-11. Arrangement Factor. — ^When dealing with parallel plane sur- 
faces (theoretically infinite in extent), the radiating area of one is taken 
equal to the corresponding area of the other. Hence either area may be 
used for evaluating A, The total energy lost by one surface is then gained 
by the other. When dealing with enclosed bodies, A is the area of the 
enclosed body and not the area of the surrounding surfaces. In this case A 
is usually associated with Tx (whether the higher or lower of the surface 


temperatures). 

Two common cases are (1) parallel planes and (2) the small body com- 
pletely surrounded by a large enclosure. For both of these cases Fa=l. 
Then, 


17.30X10-^° Ax(Tx^- TA) 


i+A/i. 

LCi 


1 


)J 


(19-18a) 


where Ai and Ci are the area and emissivity of the small body, and A 2 
and 62 refer to the large body. 





394 


Engineerino Thermodynamics 


If As IS \cry much larger than Ai, the term in the bracket, Tvhich rep- 
resents Ft, reduces to ei Hence, for the enclosed body case, F, is equal 
to the emissivity factor of the enclosed body 
For parallel planes, 

(19^19) 

-+--1 
Cl es 


where Ci and es are the surface emissivity \ alues for the tn o planes How - 
ever, if both ei and es exceed 0 90, it may be assumed that 

F.^eiCs (I9-I9a) 

There are manj published values of the emissivity of different materials 
determined at various temperatures The character of the surface is 
important A polished surface may have a lou emissivity factor, but if 
the surface is oxidized, roughed, or m any other way loses its polish the 
magnitude ivill undergo a marked increase Some judgment is required to 
make the proper selection For non-metallic materials, if no information 
IS available, a value of 0 9 may be used Because of surface conditions, no 
general statement can be applied to metals 

The following tu o forms of the Stefan Boltzman equation are of con- 
venience mathematically 

(IP-18C) 


The use of these forms mil simplify slide rule calculations Note the 
ciphers carefully 

_ If we dmdc the energy by A AT, we obtain a quantity designated as 


T1-T2 


sq ft hr deg 


This equation defines the surface-film co^cient hr due to radiation, 
just as equation 19-lG defines the coefficient he due to convection If, as 
often occurs, radiation and convection occur m parallel heat flow, the com- 
bined film coefficient ft 15 fir + fie It is often valuable to know the 
approximate range of values of this combined h m making trial and error 
solutions The following set of experimental \ alues of combined h from a 
3 5m O D horizontal tube to still air at ordinary room temperature is of 
interest 200 300 400 500 600 

ft 2 25 2 73 3 31 4 03 4 85 5 71 
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The hourly heat loss by both radiation and convection is: 

q^JiAAT (19-21) 

Example 19—1 , — A 6-in. steel pipe (O.D. = 6.625) is carrying saturated steam at 140 
psia. The pipe is covered with an insulation having a thickness of 5 in. The outer 
surface temperature is 100 F, and the room air temperature is 80 F. The pipe is hori- 
zontal and the surface emissivity is 0.92. For each square foot of outer surface of insula- 
tion, calculate: 

(a) Hourly heat loss by natural convection. 

Q}) Hourly heat Joss by radiation. 

(c) Total hourly heat loss. 

(cZ) Combined air-film coefficient h, 

(e) Mean conductivity of insulation. 

Solution. — (a) The outside of the steel pipe is the inside diameter of the insulation. 
Therefore, x being 5 in., the insulation O.D. is 16.625 in. The convective heat loss from 
the outer surface, per square foot of outer surface, is 


•^=;i.(ioo- 80 ) 


1.016(20)0 2^5(20) Btu 

(16.625)0-2(550)0 loi ^ sq ft hr 


(5) The radiant heat transfer from the same surface is 


Ao 




Btu 

sq ft hr 


(c) The total heat loss is 


^ = 29.78 


Btu 
sq ft hr 


(d) The combined air-film coefficient is 


T 29.78 


= 1.489 


Btu 

sq ft hr deg 


(e) In the absence of data to the contrary, it is practical to assume that the inside 
temperature of the insulation is the same as that of the steam, or 353 F . (As the steam 
film and the steel pipe wall have comparatively little resistance to heat transfer, the 
above assumption is valid.) By equation 19-13, 


29.78 = 


2X(353-100) 


16.625 

12 


In I 


a6,625\ 
, 6.625 J 


from which 


X = 0.075 


Btu ft 
sq ft hr deg 


19-12. Forced Convection. — ^Forced convection takes heat transfer 
into the field of fluid mechanics, where the flow is divided into that of 
laminar type and that of turbulent type. Forced convection with laminar 
flow is the less common type, and usually results in an uneconomical 
design; hence, this work vdll be confined to turbulent flow, which has a 
^vide application. By dimensional analysis, certain variables of flow and 
physical properties have been found to so group themselves that their 
application to heat-transfer work has become widespread. These groups, 
when used with consistent units, form dimensionless numbers, as follows: 
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Wnu «N usselt ^ 
Conductivity of Fluid “* X 


N-Ra - Reynolds Number - 


Linear Dimension X Mass Flow Velocity DG 
Dynamic Viscosity of Fluid JP 


iV^Pv =PrandtI Number- FlmdXDynamic Viscosity _ Cp^ 

Conductivity of Fimd X 

In these dimensionless numbers, G represents the mass flow velocity It 
IS obtained by dividing hnear velocity (feet per hour) by specific volume 
(cubic feet per pound), giving pounds per hour per square foot, it may also 
be visualized as dividmg the flow m pounds per hour by the cross sectional 
area of the channel in square feet Dynamic viscosity n (mu) la called 
absolute viscosity by some wnters, and is easily handled m the units of 
pounds per hour foot "When using unfamiLar viscosity tables from outside 
sources, it is advisable to put down all units, if the resulting expression is 
not dimensionally sound, the use of a proper gravitational constant will 
usually rectify it Some sources, for instance, give dynamic viscosity 
values m pound hours per square foot 

In computing the Reynolds number, some students of fluid mechames 
prefer to use linear velocity and kmematic viscosity As kmematic 
viscosity IS defined as dynamic viscosity divided by density givmg square 
feel per hour, the computation of the dimensionless feature of the Reynolds 
number is here left as an exercise 


19-13 Forced Convection with Turbulent Flow of a Flmd Flowing 
Inside a Tube — This is one of the most frequently encountered cases and 
one upon which much experimental work has been performed Tdrbulent 
flow of a fluid which completely fills a section of circular tube occurs when 
ever the value of the Reynolds number exceeeds 3 000 

The most common modification of the Nosselt expression (m terms of 
Rjeynolda and Prandtl numbers) for turbulent flow of gases water and 
oils flowmg m circular pipes when the Reynolds number exceeds 3 000 is 

( 19 - 22 ) 

or 

^.0 023(f)"(^)” 


Th" symbols have the foUowmg meamng 

- Btu 

A = heat-transfer film coeflScient, m 

D^intemal diameter, m feet, 

, , Btu ft 

X thermal conductivity, m hr deg’ 
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TABLE 19-3 
VALUES FOR AIR 


Dynaimo 

Absolute Temperature ViscMity 


Thermal 

Conductivity Prandtl 

^ Number 



G=niass flow velocity, in r: — r; 

nr sq 1 1 (of cross-section) ' 

/x= dynamic viscosity, in 

Cp —specific heat, in 

n=0.4 for heating and 0.3 for cooling. 

Values of /a, X, and the Prandtl number for air and water at various 
temperatures are given in Tables 19-3 and 19-4. 

Fluid properties are evaluated at the mean temperature of the sub- 
stance. For many gases, including air, the Prandtl number to the nth 
power is close to 0.9. So, for gases only, equation 19-22a reduces to 

^=0.0207(— )'’* (19-22b) 

A \ Jl / 

Example 19-2 . — Water flows through a condenser tube of f in. O.D. with an average 
velocity of 10 ft per sec. The average temperature of the water is 60 F. The tube has 
a wall of 18 BWG (Birmingham wire gage) metal, its thickness being 0.049 Jn. and its 
I.D. being 0.652 in. What is the value of the heat-transfer film coefficient hi 

Solution . — ^Tables of tube sizes for various BWG are listed in engineering handbooks- 
From Table 19-4, p = 2.71, X= 0.344, and Wpr=7.9. Also, 

0 = 10X3600X62.4 = 2, 250 , 000 
„ DG 0.652,^2,250,000 


and 
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By equation 19-22a, 


Hence, 


^=0 023(45 200)' '{7 9)' 
. 0 344X12, 


;X277=i: 


0 023(5260)(2 29)=277 
Btu 


sq ft hr deg 

Example 75-5— If the tube m e^ainplc 19-2 la 14 ft long and its average temperaturef 
13 70 F, how many Btu per hour are transferred? 

Solution — ^The heat transferred per hour for each square foot of surface is 
AAr=1750(70 -60) = 17,500 Btu 
The surface area, which is th^t of a cjlinder, is 


/ O 652 \ 


(14) =2 39 sqft 






Then 
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g = (2.39) (17,500) =41,800 


Btu 

hr 


Ans. 


Example 19-4 - — saturated steam at an average temperature of 80 F condenses 
on the tube in example 19-2, how many pounds per hour of dry saturated steam may be 
thus condensed? 


Solution . — ^The enthalpy of evaporation of steam at 80 F is 1048.6 Btu 
the amount condensed is 


41,800 

1048.6 


= 39.8 lb per hr 


per lb. Hence, 
Ans. 


The temperature rise of the water in example 19-2 due to its receiving heat from the 
steam is 8 deg. The calculation is left as an exercise. Discuss the number of pounds of 
water required per pound of steam condensed. 


19-14, Fliiid-to-Fluid Heat Transfer. — ^Refer to Figs. 19-1 and 19-2. 
In a heat exchanger two fluids are separated by a metalhc-tube wall. 
The fluids may be heating, cooling, condensing, or boiling. As heat is 
transferred from one fluid to the other, it must pass through a number of 
resistances: (1) a fluid film on the hot side, (2) a metallic waU, and (3) a 
fluid film on the cold side. These individual resistances, each of which is 
the reciprocal of the heat-transfer film coefficient, are properly combined 
to give the over-all coefficient of heat transfer which is used as follows : 

q=?7A(MTD) (19-23) 


where q is the heat transferred, in Btu per hr; 

Btu 

U is the over-all coefficient of heat transfer, in — . . , i — j 

' sq ft hr deg 

A is the effective heat-transfer area, in sq ft; 

MTD is the mean temperature difference between the two fluids, in deg F. 

If ha is the heat-transfer film coefficient for the hot fluid and hb is the 
coefficient for the cold fluid, 


(7 = 


1 


S Res I X I 

ha hb 


(19-24) 


All resistances must be based on the same area. 

Example 19-5 . — A steel plate, I in. thick and having a conductivity of 2^ has a liquid 
on one side and a gas on the other side- The liquid is at 150 F and has an h of 200; the 
gas is at 500 F and has an h of 2. How many Btu per hour are transferred by each square 
foot of plate surface? 

Solution . — ^The resistance of the plate is X26 ~ resistance of the liquid 

film is 2 ^— 0 . 0050 ; and the resistance of the gas film is J =0.5000. The total resistance 
is then 0.5058, and ^~ q 5^53 
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The over all temperature difference is 600— 150 *» 350 deg, and 
,-l 977X350.692 

Example l9 -€ — What is the temperature of the plate m example 19-5 at the sur 
face in contact with the liquid? 

Solnlwn — ^The ratio of the resistance of the liquid film to the total resistance is 
0 0050 

0 00988, or 0 988% Hence, according to the prin'-iple of Ohms Law, the 

temperature drop across the liquid film will he 350X 0 00988=3 46 deg Then the 
temperature of the plate will be 150 +3 46 = 153 F Ans 

Note the significance of the liquid film m controlling the plate temperature Can 
you see why boiler tubes bum if the water level is not properly maintained? 

If the plate in example 1&-S were made of copper instead of steel the amount of 
heat transferred would not be appreciably different The discussion of this is left as 
an exercise 

r„ fluid a 

Wall 

Tbt Fludfi -• rui 

Fig 1&-6 Fluids in Counter Flow Separated hy Tube Wall 

IS)— IS Mean Temperature Difference for a Fluid Cooling and a 
Fluid Heatmg — Consider a single tube selected from a bank making up 
a heat exchanger, as mdicated in Fig 19-G The two fluids are flowing 
in opposite directions, this type of flow is termed counter flow Fluid 
a flows into the tube at temperature fai and flows out at temperature f„ 2 , 
having been cooled Fluid b flows parallel to the tube axis on the outside, 
and its temperature rises from in to tn A typical cross-section wiU give 
the temperature distnbution shomi m Fig 19-7 Note how this chart 
resembles that m Fig 19-2 

There is resistance to the flow of fluid through the buffer zones and the 
zones of laminar flow Gases, even m turbulent flow, offer a high resistance 



Fig 19-7 Temperature 
Drop Through Fluid 
Films 


r,! 



I’m 

Fig 19-8 Counter Flow Tem 
perature Distribution 
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to heat flow, while condensing vapors and boiling liquids offer little resist- 
ance. For gases the resistance of the metallic wall may be neglected, 
while for condensing vapors it must be considered. 

The temperature distributions along the axis are usually plotted, as 
indicated in Fig. 19^8, for the purpose of obtaining the mean temperature 
difference. This difference may be found by either of the follo^ving rela- 
tions: 

Arithmetic mean temp. diff. (MTD) = ( 19 - 25 ) 


Logarithmic mean temp. 


diff. (LMTD) = 


THlarge THama]! 

. /TD largeX 

VTOsmall/ 


Tai Fluid a > » ■ ra 2 

Wall 

Tti ^ Fluid b — * ^^’b2 

Fig. 19 - 9 . Fluids in Parallel Flow Separated hy Tube Wall 


( 19 - 26 ) 


It is safer not to use the arithmetic mean difference, since this difference 
often yields results which depart from the true difference by an appreciable 
amount. The logarithmic mean difference is the better expression and 
should, in general, be used for all calculations. This expression can be 
used where each fluid exists in only one state in the heat exchanger. If a 
fluid should boil and then superheat, only boiling is considered and the 
superheating is neglected or compensated. 

When parallel flow occurs, the two fluids on opposite sides of the tube 
flow in the same direction, as indicated in Fig. 19-9. 

The logarithmic mean temperature difference is calculated as in counter- 
flow, as indicated in Fig. 19—10. Of the two types of flow, parallel flow 
gives less efficient use of the heat^transfer area, since for equal areas 



Condensing Vapor % 


Ta-Tb 


Boiling Liquid Tt 


Fig. 19 - 11 . Constant Tem- 
perature Difference 
in Evaporator 
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For counter-flow, represented in Fig. 19-8, the large temperature difference is 160—70 = 
90 ceg and the small difference is 120 — 60 = 60. The arithmetic mean temperature 
difference is the same as before, or 75 deg. The logarithmic mean is 


90-60 

KS) 


30 

0.405 


=74.5 deg 


Example 19-8 . — If the oil in the preceding example has a specific heat of 0,5, how- 
many pounds of water are circulated per pound of oil? 

Sohiiion . — Each pound of oil loses 0.5X40 = 20 Btu, while each pound of water 
rises 10 deg in temperature and gains 10 Btu. Hence, 2 lb of water must here be circu- 
lated per pound of oil. 


Example 19-9 . — In the preceding chapter, Fig. 18-11 and the accompanying text 
were concerned with the effectiveness of a regenerator in a gas-turbine plant. Consider 
that a gas-turbine plant takes in 50 lb of air per second, and that 50.6 lb of exhaust gas 
issue from the turbine in the same time. A regenerator raises the temperature of the 
air from 440 F to 740 F, while the temperature of the exhaust gases drops from 940 F 
to 650 F as a result of this heat transfer. Each gas has a heat-transfer film coefficient 
h of 5, based on the same area. How many square feet of heat-transfer surface are 
required? 


Solution . — Since gases are the controlling resistances, the resistance of the metal 
may be disregarded. Then 

c;=^=2.5 


The temperature data indicate that counter-flow is used. The logarithmic mean tem- 
perature difference is 205. (This should be checked as an exercise.) As air in this 
range has a mean specific heat of 0.25, the heat gained by the air is 75 Btu per lb; this 
value may also be computed by using the Keenan and Kaye Gas Tables. The heat 
transfer on an hourly basis is then 


50X3600X75 = 13,500,000 Btu 


Hence, the area required is 


13,500,000 

2.5X205 


= 26,300 sq ft 


It may also be noted that this regenerator has an effectiveness of 60%, based on tem- 
peratures. 


Example 19-10 . — A power-plant air heater is composed of steel tubes with 2 50-in. 
O. D. and 2.31-in. I. D., and the air flows across the tubes vntY^h of 6 while being heated 
from 50 F to 500 F. The flue gas flows inside the tubes with hoi 4: while cooling from 
670 F to 300 F. The plant burns 5 tons of coal per hour and the air-fuel ratio is 14 to 1. 
How much surface area, based on the outside of the tubes, is needed? 


Sohiiion . — Since the outside surface area is required, the over-all heat-transfer 
coefficient U shoul(^be computed for outside tube conditions. Since the gas flows 
inside the tubes, its h must be converted to an outside basis. The resistance is then 


1 

4 


2.50 

2.31 


0.270 


The resistance of the air film, which is outside the tubes, is |= 0.1 67. With steel tubes, 
the resistance of the tube metal may be checked for significant figmes as follows: Using 
conductivity of 25 and taking the tube wall thickness as 0.095 in., we find that the 
resistance, converted to outside basis, is 


( 0.095 \/2.500\ 
V25X12A2.405/ 


0.000387 
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The Bgures ate not significant in view of the magnitude of the other resistances 
However, if difierent fluids had been used, the relative resistance of the tube metal 
might have been significant For instance, if the film coefficient of either fluid had been 
2000 (as for condensing steam), the film resistance would have been down to 0 0005, 
and the tube metal resistance would have thus been relatively large 

An essential part of the art of engineering la to weigh the relative importance of the 
factors involved m a situation To continue the solution, one notes that the total 
significant resistance, based on outside tube area, is 0 437, giving (7=2 29 The hourly 
heat transfer will be 


14 X 6 X 2000 X 0 24X450 = 15,100,000 Btu 
The logarithmic mean temperature difference will bo 


250-170 



Hence, the surface area will be 


15 100 000 
2 29X207 ' 


_80__ 

0385’ 


^207 


'31,800 sq ft 



PROBLEMS 


Note: Unless otherwise stated, take atmospheric conditions as 14.7 psia and 60 P 
in all problems in this text, 

CHAPTER 1 

1-1, Calculate the kinetic energy possessed by an automobile weighing 4000 lb and 
traveling at (a) 25 mph, (6) 50 mph, (c) 75 mph. 

1-2, How much energy is transferred in bringing the automobile in Problem 1-1 to 
a stop over a distance of 300 ft at each speed? What is the heat equivalent of this 
energy? What is the average equivalent power during this time? 

1-3, The automobile in Problem 1-1 has eight cylinders, each 3 in. in diametex, 
WTien a certain power is being developed, the average gage pressure in the cylinders is 
110 psi. What is the average force in each cylinder? How much work is done by a 
piston moving 4 in.? 

1—4, A boiler pressure gage reads 600 psi when the barometric pressure is 29.50 in, 
of mercury. In the same power plant, a condenser gage shows a vacuum of 28 in. of 
mercury. Calculate the absolute pressures (psia) in the boiler and in the condenser, 

1-5. In a power plant, an electric generator that requires the equivalent of 30,000 
kw input at its shaft coupling is driven by a direct-connected steam turbine. What is 
the horsepower applied at the shaft coupling? To how many Btu per min is this 
equivalent? 

1-6. A low-pressure air line is equipped with a gage that reads 10 psi. It is proposed 
to equip the line with a U-tube manometer with a liquid to indicate the pressure. Deter- 
mine the number of inches of each of the following liquids which would indicate the same 
pressure (a) water; (6) mercury; (c) oil having a specific gravity of 0.85. 

1-7. An automobile weighing 3500 lb travels for 3 hr at an average speed of 30 mph, 
during which period its elevation is increased by 1000 ft. The average force due to wind 
and rolling resistance is 200 lb. What is the average horsepower of the automobile? 

1-8. The automobile in Problem 1-7 consumes gasoline which has a heating value of 
130,000 Btu per gallon. Owing to losses (thermod 3 mamic and otherwise), only 20 per 
cent of the energy in the gasoline is elfectively used to propel the car. How many 
gallons of gasoline are consumed on this trip? 

1-9. How much gasoline would be consumed by the automobile in Problems 1-7 and 
1-8 on the return trip, if speed and wind and rolling resistance remain unchanged? 

1-10. The internal energy of saturated steam at 200 psia is 11 13.7 Btu per lb greater 
than that of water at 32 F. Of this, 354.68 Btu per lb is the kinetic portion. How 
many Btu constitute the potential portion? 

1-11. An electric water heater has a 2000-watt heating element. If losses are 
neglected, how many gallons of water per hour will it heat from 40 F to 150 F? 

1-12. What is the cost of heating a gallon of water from 40 F to 150 F in an electric 
water heater, if losses are neglected and the *‘poweri' cost is $0.01 per kwhr? 

1-13. If 20 per cent of the power delivered by a power-plant generator is lost in 
transmission to the consumer’s premises, and if the efficiency of the generator is 93%, 
how many horsepower must be supplied by the prime mover in order to operate the water 
heater of Problem 1-11? 

1-14. How much per gallon would it cost to heat water from 40 F to 150 F by 
means of an oil-burning heater, if the fuel has a heating value of 20,000 Btu per lb, its 
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specific gravity is 0 80, and it costs $0 13 per gallon? Assume that the efficiency of 
the heater is 50% (» e , half of the heating value of the fuel is utilized in heating the 
water) 

1-15 If a typical steam power plant consumes 1 lb of coal havmg a heatmg value 
of 13 000 Btu per lb, for each kilowatthour delivered to the transmission line what is the 
over all thermal effiaency of the station (* e , the ratio of the net electrical output to 
the energy supplied in the form of fuel, both being expressed m consistent units)? 

1-16 A glass tube consists of tw o sections The lower one has an interna! diameter 
of 0 5 in and a height of 8 m , and the upper one has an internal diameter of 0 3 in and 
a height of 14 in The upper part is open to the atmosphere and is filled with water 
The lower part is filled with mercury Usmg the densities as those at 32 F, find the total 
force at the bottom of the mercury column and also the pressure. 

1—17 If the internal diameter of the lower part of the tube m Problem 1-16 were 
changed to 0 3 m , what would be the total force and the pressure at the bottom of the 
mercury column? 

1-18 What IS the absolute pressure at a depth of 40 ft below the surface of the 
ocean? Take the specific gravity of salt water as 1 03 

1-19 A vacuum gage attached to a condenser, reads 28 9 in. Hg If the barometric 
pressure is 29 86 in. Hg, determine the absolute pressure m the condenser, m pounds per 
square mch 

1-20 It is desired to raaintam a pressure of 1 6 2 psia m the evaporator of a refngera 
tion machine If the barometnc pressure is 28 92 in. Hg, determine the number of 
inches of mercury to be held on a mercury manometer having one end open to the 
atmosphere 

1-21 An oil column is used to measure a pressure difference The oil column 
IS 38 m high and the spoofie gravity of the oil is 0 85 Calculate the pressure difference, 
in pounds per square inch 

1-22 A waterfall is 324 ft high Compare the temperature of the water at the 
bottom (after it has come to rest) with that at the top 

1-23 A d c motor uses 24 amp at 150 volts The motor drives machinery located 
within a room Determine the heat added to the room per hour as a result of the 
operation of the motor 

1-24 A drop forge hammer weighs 2 tons Its drop is 6 ft Assuming a free drop, 
calculate its velocity at the bottom of its drop (just before it strikes) Calculate also 
the heatmg effect produced, in Btu 

1-25 A tank of brme is to be heated electncally The brme weighs 4200 Ib 
It takes 0 75 Btu to raise the temperature of 1 lb of brine 1 deg F (this is called the 
specific heat of the brme) Determine the amount of electrical energ> , m kilowatt 
hours, needed to heat the brme 20 deg F 

1-26 A falling weight of 220 lb turns paddles lO a tank containing 20 lb of water 
If the weight falls 16 ft, determine the temperature nse of the water in the tank (It 
takes 1 Btu to heat 1 lb of water 1 deg F ) 

1-27 Coal has a heatmg value of 14 000 Btu per lb If the over all effiaency of a 
power plant is 28% (i e , 28 per cent of the energy of the coal is transformed mto electrical 
energy) and the average load on the plant is 50,000 kw, determme the number of tons 
of required per year (8,760 hr) 

1-28 An automobile has an over all effiaency of 15% at 40 mph (» e , 15 per cCTt 
of the energy of the fuel is delivered at the tires to propel the car) The car travels 120 
miles m 3 hr and uses 6 5 gal of gasohne havmg a heatmg value of 140 000 Btu per gal 
What IS the average horsepower used? 

1-29 A household refrigerator nms 35 per cent of the time and uses 0 3 kw when 
rujmmg If the heat flow into the refrigerator box is 1100 Btu per hr, how much heat 
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must be removed from the refrigerator per hour? How much heat, net, is added to the 
kitchen per hour? 

1- 30* A lathe is driven by a §-hp motor. If 20 per cent of the rated horsepower is used 
in machinmg a part that weighs 2.2 lb, what is the temperature rise of the part at the 
end of 5 min of operation? Assume that no heat is lost from the part and that it requires 
0.1 Btu to increase the temperature of 1 lb of the part 1 deg F. 

CHAPTER 2 

2-1. Calculate the temperature at which both Fahrenheit and centigrade ther- 
mometers read alike. Then express this temperature as degrees Rankine and degrees 
Kelvin. 

2- 2. What is the weight of air in a tank having a volume of 40 cu ft, if the contents 
are at 150 F imder a gage pressure of 300 psi? If the air is replaced by helium, how much 
lighter will the contents of the tank be? 

2-3. Air, initially at 14.7 psia and 60 F, is compressed isothermally until the pressure 
is 147 psia. It is then heated tmtil the temperature (absolute) is doubled at constant 
volume, and is afterward cooled at constant pressure until the original temperature is 
reached. Calculate the initial and final specific volumes and the final pressure; and 
plot the paths of the processes by use of P—V coordinates. 

2-A. The volume of a perfect gas is increased from 10 cu ft to 40 cu ft from an initial 
pressure of 100 psia to each of the following final pressures: (a) 10 psia, (6) 25 psia, 
(r) 50 psia, (d) 100 psia, (e) 200 psia, [f) 400 psia, (g) 1000 psia. Calculate the value of 
n for each path, and plot each path b}’’ use of P-V coordinates. 

2-5. Solve Problem 2—4 by plotting each line by use of logarithmic coordinates. 

2-6. The initial temperature in Problem 2-4 is 500 R, Determine the final abso- 
lute temperature in each case. 

2-7. A diesel truck engine has a compression ratio of 16 to 1. When operated in 
lowlands, the engine has a pressure at the beginning of compression of 14 psia, and ii is 
1.32. When operated in mountainous country, the cylinder pressure at the beginning 
of compression is 10 psia, and n is 1.30. Calculate the cylinder pressure at the end of 
compression in each case. 

2-8. An aviation engine has a compression ratio of 8 to 1 . If n for compression is 
1.30 for all cases, determine the pressure at the end of compression in each of the follow- 
ing cases: (a) the cylinder pressure before compression is standard atmospheric; 
{b) the pressure at high altitudes is reduced to 6 psia; (^:) the pressure of standard 
atmospheric is augmented by supercharging 25 inches of mercury, gage. 

2-9. The compressor of a gas turbine raises the air pressure from standard atmos* 
pheric to 45 psi, gage, while the absolute temperature rises 15 per cent more than it 
would have if n were 1.40. If the initial temperature is 40 F, what is the final tempera- 
ture? 

2-10. A gas turbine receives gases at a gage pressure of 43 psi and 1300 F, and 
exhausts at standard atmospheric pressure. The absolute temperature drops 13 per 
cent less than it would have if n were 1.35. What is the exit temperature? 

2-11. (a) Convert a temperature of 20 C to degrees R. (5) Convert 400 R to degrees 

C. (c) Convert 300 K to degrees R. 

2-12. At 14.7 psia and 15 C, air has a density of 0.07651 lb per cu ft. At an alti- 
tude of 2000 ft, the standard density is 0.07213 lb per cu ft. For this small change in 
altitude assume that the density varies as a straight line with the altitude [i.e., a 
graph representing the relation between the density and the altitude is a straight line). 
Determine the barometric pressure, in inches of mercur>% at an altitude of 2000 ft. 

2-13. A rubber inner tube is inflated with air at 50 F to a gage pressxire of 5 psi. 
Its internal volume is then 2 cu ft. After l 3 dng in a hot sun its temperature rises to 
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HOP Assume that its volume increases 5 per cent as a result of the inrr pa s e m pressure 
and that the barometnc pressure is 14 0 psia (a) Determine the gage pressure of the 
air after it is heated to 1 1 0 F (6) Find the value of the exponent n based on the initial 
and final conditions (c) Compute the percentage of the air (on a weight basis) which 
would have to be let out of the tube to bnng the gage pressure back to 5 psi, nsciiming 
no change in temperature 

2-14 Determine the weight of air present m a room 20 ftX 10 ft X8 ft, if the baro- 
metne pressure is 28 9 in Hg and the temperature is 75 P, 

2-1 S Air at 14 7 psia and 60 F is heated at constant pressure until its volume is 
doubled It is then compressed isothermally until the pressure is 147 psia, and it is 
finally cooled at constant volume to 60 F. Calculate the imtial and final specific volumes 
and the final pressure 

2-16 Air that IS initially at 14 psm. and 80 F is to be compressed to a temperature 
of 400 F. If the value of n for the compression is 1 36, to what pr«sure must the air be 
compressed? 

2-17 (a) What compression ratio is necessary to obtam a pressure of 400 psig 

at the end of compression, if the initial pressure is 13 5 psia and the value of n for the 
compression is U5? Assume standard atmospheric pressure (6) What would be the 
compression ratio if the mitial pressure were changed to 10 psia? 

2-18 The N A CA standard temperature at an altitude of 20000 ft is 246 C, 
and the standard pressure at that elevation is 13 75 in Ilg (a) Determine the standard 
air density at an altitude of 20,000 ft (6) Calculate the pressure at an attitude of 20 000 
ft, using the density calculated in (a), taking the standard density at sea level as 0 07651 
Ib per cu ft, and assummg that the density vanes as a straight line with the altitude 

2-19 An automatic home water svstem has a storage tank with a total volume of 
30 gal The pressure actuated control switch is set to stop the pump at a gage pressure 
of 50 psi and to start it when the gage pressure falls below 25 psi Neglect the volume 
of any piping m the system (a) Compute the percentage of the tank volume which is 
filled with water when the pump stops after bemg put in operation for the first tune 
Assume that the tank is filled initially with air at 60 F and atmosphenc pressure, and 
that this air is compressed polytropacally to a final temperature of 100 F. (h) Find the 
number of gallons of water which can then be withdrawn from the tank before the pump 
starts again, assurmtig that » for the expansion process is 1,3 and that the water is 
reused (c) Determine the value of n for part (a) 

2-20 The quantity of compressed aw delivered by a compressor, or used by an 
air operated tool or other device, is usually expressed m terms of cu ft per nun (cfm) 
of free air, which is the volume converted to atmosphenc temperature and pressure 
The capacity of a certain service-station compressor is 10 cfm of free air, and the volume 
of the receiver (storage tank) is 10 cu ft Atmosphenc conditions arc 14 7 psia and 70 F. 
(a) If the capacity of the compressor is assumed to be unaffected by variations in dis 
dnarge pivssuiu taiAVrie fma’i mi-^iuriperattii-eis'Vo kie f , Iraiw Vtmg 

the gage pressure in the tank from 0 to 80 psi? (t) What will be the pressure in the 
receiver after the temperature of the air drops to atmosphenc, if it is assumed that no 
air IS added or withdrawn? 

2-21 Determine the number of cubic feet of free air that can be withdrawn from 
the receiver in Problem 2-20 before the compressor will start again, if the air is with 
drawn so slowly that the temperature remains constant at 70 F and the gage pressure 
oorresponding to the low limit settmg of the snatch is (ff) 70 psi, (5) 60 psi, (c) 50 psi 

2-22 The gross weight of a certain blimp is 20 000 lb, exclusive of the contained 
gas It is filled with gas at 14,8 psia and atmosphenc temperature (a) What must be 
its volume if it is to have zero net buoyancy at sea level conditions of 14 7 psia and 59 F 
when filled with hehum? (5) What must be its volume when filled with hydrogen 
(c) 'V^en the blimp is filled with the quantity of helium determmed in part (a), how much 
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force (up or down) would have to be exerted by the elevators to maintain a constant 
altitude of 5000 ft, where the atmospheric pressure and temperature are 25 in. Hg and 
40 F? Assume that the gas envelope did not stretch, that the temperature of the heHum 
is the same as that of the ambient air, and that the volixme of air displaced by the struc- 
ture, fuel, crew, etc. is negligible compared to the displacement of the gas bag. 

2-23. A tank with a volume of 20 cu ft contains air at a gage pressure of 100 psi 
and 100 F. A valve on the tank is suddenly opened, and the pressure in the tank is 
permitted to drop to atmospheric in a very short period of time. Calculate the weight 
of air left in the tank. 

2-24. Convert the following temperatures: {a) —40 C to degrees F; (5) 290 K to 
degrees F; (c) 500 R to degrees C; (d) 200 F to degrees K; (e) 600 C to degrees R. 

2-25. Flue gases from a power plant contain 15 % CO 2 by vblume. If all of the CO 2 
in the gases can be converted into dry ice, determine the total volume of gases required 
per ton of dry ice produced. The gases are at 14.7 psia and 300 F. Take R for CO 2 as 
34.9. 

2-26. Air leaving a compressor is metered and found to be flowing at the rate of 
142 cfm. Metering conditions are 120 psig and 220 F. Determine the volume of air 
entering the compressor per minute at 14.7 psia and 80 F. 

2-27. A steam jet ejector pumps 0.3 lb of air per lb of steam when the air is at 0.5 
psia and 85 F. Determine the weight of steam required per hour for 350 cfm of air. 

2—28. A tank having a volume of 80 cu ft contains air at 14.5 psia and 80 F. The 
tank is immersed in water and reaches the water temperature of 40 F. The air is then 
pumped out of the tank until the pressure reaches 0.2 psia. Determine the difference 
between the final buoyant effect of the air in the tank and that when the tank was first 
immersed in the water. 

2-29. A natural-gas pipe line of steel is being laid under water. The pipe line is 
20 in. in diameter (outside) and is 0.25 in. thick (steel weighs 0.2833 lb per cu in.). If 
the pipe is filled with air at 14.5 psia and 50 F, determine the net buoyant effect per foot 
of length. 

2—30. Solve problem 2-29, assuming that the pipe is filled with natural gas (R = 
95.5) at 500 psia, and 50 F. 

2-31. Air at 40 psig and 20 F is heated until the pressure is 94 psig and the tem- 
perature is 500 F. Calculate the value of n for the process, if atmospheric pressure is 
14.0 psia. 

2-32. Air at 14.7 psia and 40 F is compressed to 147 psia according to the law 
P yi.4 == Q is then heated at constant pressure until its temperature becomes 4200 F. 
It then expands according to the law PV^'*~C until the pressure is 14.7 psia. If the 
weight of air involved is 0.4 lb, determine the final volume and temperature. 

2-33. Compressed air at 80 F is to be expanded to atmospheric pressure. If the 
temperature after expansion is to be — 150 F, what must be the initial pressure of the air? 
Assume that the value of n for the expansion process is 1.4. 

2-34. Air at 14.7 psia and 40 F is compressed to a pressure of 185 psia according to 
the law PV^-* = C. It is then heated to 6860 R at constant volume. It is next expanded 
according to the law P until its volume is 6.1 times the volume before expansion. 

It is finally cooled at constant volume until the pressure is 14.7 psia. Determine the 
final temperature. Consider 1 lb of the air. 

2-35. In an air compressor the compression process obeys the law P 7^-^^ — C. The 
compressor receives 300 cfm of air at 14.5 psia and 70 F. If the compressor discharges 
at 145 psia, determine the volume of air discharged per minute and its temperature. 

2-36. A flow nozzle is used to measure air flow. The pressure in the nozzle drops 
4.2 in. of water. The original pressure is 1 6.2 psia, and the temperature is 80 F. Assume 
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that expansion obeys the law P F> * = C Can the density of the air be assumed to remam 
constant? 

2-37 Determine the force exerted by the wind on the wall of a building if the wall 
IS 60 ftXSO ft and the wind veloaty is 75 mph Temperature is 60 F 

2-38 Air weighing 2 lb is heated from 14 0 psia and 40 P until the volume becomes 
52 8 cu ft If the final temperature is 540 F determme the final pressure 

2 39 Heat is added to 3 lb of air at a constant temperature of 540 F until the pres 
sure drops to 200 psia The air then expands according to the law P Vi «=C until the 
pressure is 20 psia If the original pressure is 400 psia determme the total change in 
volume 

2-40 The volume of a clearance space of an air compressor is 4 per cent of the piston 
displacement The compressor has a 10 in bore and a 12 m stroke Before expansion 
the air is at 120 psia After expansion to 14 5 psia the air temperature is 40 F If the 
expansion follows the law P “ = C calculate (a) the volume of the expanded air and 
(6) the air temperature before expansion 

2- 41 Air exists in a closed pipe hne at 20 psia and 80 F The pipe line contains 
a little oil having a flash point of 350 F A valve to the pipe Ime is suddenly opened the 
pressure being increased to 200 psia Assume that this action compresses the air m the 
line according to the law P F* * = C Is there any danger of the oil exploding? 

CHAPTER 3 

3- 1 During the process of compression of air in a cylinder the heat transferred 
from the air is 4 Btu If the work required for the compression is 30 000 ft lb calculate 
the change in intrinsic energy 

3-2 When a pound of water under a constant pressure of 300 psia is heated from 
50 F to 400 P 356 9 Btu are required Calculate the mean specific heat of water over 
this range 

3-3 A pound of air is compressed its temperature rising from 40 F to 400 P 
Determine its change of intnnsic energy if compression takes place under the following 
conditions (fl) Absolutely no heat is transferred (6) compression follows the law P F* * 
•=C (c) compression follows the law PF’ C 

3-4 Calculate the work done in each part of Problem 3-3 

3-5 Calculate the heat transferred in each part of Problem 3-3. 

3 6 A quantity of air weighing 0 I Ib is compressed at a constant temperature of 
40 P until the pressure is tripled Calculate the heat transferred 

3—7 Air IS heated at a constant pressure of 40 psia the volume increasing from 2 to 5 
cu ft How much heat must be added if the onginal temperature is 90 F? 

3-8 Calculate the change m intrinsic energy of the air m Problem 3 7 by two 
methods 

3 9 A quantity of air having a volume of 500 cu ft at 20 psia and 120 P is com 
pressed to 40 cu ft If the final pressure is 380 psia calculate the heat removed durmg 
compression 

3-10 Assume that the combustion process occumng m a diesel engine after dead 
center obeys the law P F ‘ ' C At dead center the pressure is 450 psia the tern 
perature is 1 100 F and the volume is 0 08 cu ft Combustion continues until the volume 
IS 0 12 cu ft Calculate the work done 

3-11 An indicator card of a diesel engme with a IS to 1 compression ratio shows 
that when the piston has moved 20 per cent of the expansion stroke the pressure is 
18S psi gage At 70 per cent of the expansion stroke the pressure is 36 psi gage 
Calculate the value of n for this part of the expansion and the work performed between 
these limits if the engine has a 6 in cylinder bore and a 9 In stroke 
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3-12. A diesel engine, 12 in.XlS in., has a 15 to 1 compression ratio. The condi- 
tions at start of compression are 14 psia and 140 F, The compression exponent is 1.35. 
Assuming that the cylinder contents may be treated as air, calctdate: (a) the pressure 
at the end of compression; (6) the temperature at the end of compression; (c) the total 
cylmder volume; (d) the weight of air present; (e) the work of compression; (/) the change 
of intrinsic energy during compression; (g) the heat transferred during compression. 

3-13. (a) Under constant pressure conditions the specific heat for a certain gaseous 

mixture is 0.32, How much heat is required to raise the temperature of 8 lb of this gas 
from 500 R to 1500 R at constant pressure? (6) How much heat is required at constant 
volume if the specific heat is 0.22? 

3-14. When 2.2 lb of air are compressed at a constant temperature of 40 F, 40 Btu 
are removed. What is the specific heat of air for these conditions? 

3—15. Calculate the amount of heat which must be added isothermally to 4 lb of air 
at 240 F in order to double its volume. 

3-16. Air is cooled at a constant pressure of 40 psia, with 48 Btu being removed 
from 2 lb of air. If the original temperature is 200 F, what is the final volume? 

3—17. A quantity of a perfect gas weighing 8 lb, for which R=38.7 and Cp =0.1269, 
is compressed pol 3 rtropically (non-flow) from a gage pressure of 5.3 psi and 80 F to a 
gage pressure of 85.3 psi and a volume of 16.85 cu ft. The work required is 324 Btu. 
Calculate the heat added or removed by finding Cp, w, Ja, and Us — Ui. Check 3 ^our 
answer hy also determining Cx. 

3-18. Under certain conditions, 2000 Btu (in the form of heat) are required to 
raise the temperature of 15 cu ft of air, originally at a gage pressure of 15 psi, from 100 P 
to 240 F (non-flow). Calculate the work done: (a) from the general energy equation 
and (b) from J'P dV. 

3-19, A cylinder contains 5.5 cu ft of air at 90 F and a gage pressure of 30 psi. 
The air is subjected to a non-flow process which increases its intrinsic energy by 100 Btu 
and causes its volume to triple. Calculate the heat exchange by two different methods. 

3-20. A quantity of a certain perfect gas undergoes a non-flow polytropic process 
which decreases its internal energy by 100 Btu while the gas does 70,000 ft-lb of work. 
For this gas k = 1.286 and i?=34.9. The initial conditions are 100 psi and 1000 F, and 
the final temperature is 1 00 F. Determine the heat exchange and the final gage pressure. 

3-21. Air is compressed according to the law The work required for 

5 lb of air is 30,000 ft-lb. If the original temperature is 100 F, what is the final tempera- 
ture? 

3-22. During a partially irreversible expansion of 1 lb of air, the volume increases 
to 4 times its original value. Heat added during the expansion is 20 Btu. The air is 
originally at 60 psia and 140 F. The final air temperature is 140 F. Determine the 
work done, in foot-pounds. 

3-23. Air in a vertical cylinder occupies 0.5 cu ft at 20 psia and 40 F. The air is 
heated by the addition of 2.6 Btu. The increase of internal energy is 34.3 Btu per lb. 
Calculate the work done. 

3-24. It requires 53,000 ft-lb of work to compress some air in a cylinder. If the 
intrinsic energy increases 62 Btu during the compression process, is heat added or 
removed? How much? 

3-25. The gases in a diesel engine expand, doing 1,800 ft-lb of work. During the 
expansion process, the heat removed from the gases is 0.5 Btu. Calculate the change 
of internal energy during the expansion process. 

3-26. A gaseous mixture in a tank is at 200 psia and 80 F. The tank volume is 
50 cu ft. When the tank is heated by the addition of 23 10 Btu, the pressure is increased 
to 300 psia. Determine the specific heat of the mixture if R for the mixture is 60. 
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3 27 When 4 Ifa of a gas are compressed the work required is 58 000 ft lb The 
temperature mcreases 100 deg F and there is an increase of 68 6 Btu in the internal 
energy of the gas Determine the specific heat of the gas for the compression process 
3 28 A gas expands in a cylinder the pressure dropping from 185 3 psig to 85 3 
psig and the volume increasmg from 2 0 to 4 0 cu ft Determine the work of expansion 
3-29 The work required to compress 2 lb of air from 40 psia and 40 P to 540 F is 
53 350 ft lb Determine the value of « for the compression process 

3 30 Calculate the work of compression in a natural gas compressor if the gas is 
compressed from a volume of 2 2 cu ft to a volume of I 39 cu ft when the pressure is 
increased from. SOO psia to 900 psia 

3 31 Air expands according to the law The air originally occupies 

1 2 cu ft at 200 psia and 600 F The final temperature is 200 F Calculate the work of 
expansion 

3-32 Calculate the amount of heat which must be removed if 0 2 lb of air is com 
pressed at a constant temperature of SO F from 20 psia to 60 psia 

3-33 For the conditions in Problem 3 23 calculate (a) the temperature change and 
(b) the specific heat of air for the process 

3 34 Air IS compressed in an air compressor from 14 p<ua to 84 psia its volume 
decreasing from 1 2 cu ft to 0 318 cu ft The original temperature is 100 F Calculate 
(o) the final temperature {b) the value of » for the compression process (c) the work of 
compression (non flow) (d) the heat added and («) the specific heat of air for the process 
3 35 In an adiabatic expansion of 2 Ib of air the work done is 26 000 ft Ib If the 
initial temperature is 140 F what is the final temperature? 

3 36 Determine the net heat added the net work done and the net change m 
internal energy for Problem 2-34 

3-37 Air in a vertical cylmder at 200 psia and 200 F occupies a volume of 1 1 cu ft 
The p ston is suddenly released moving upward to a stop where it comes to rest At 
this point the air volume is 2 2 cu ft The piston weighs 28 lb and travels upward 2 4 
ft Neglect energy given up by the piston when it hits its stop and also the air pressure 
on top of the piston Determine the final temperature (Note The action may be 
assumed to be adiabatic but not rej/ersiblft') 

3-38 Determine the work required (non flow) to compress 0 4 lb of air if 4 Btu 
axe removed during the compression process The specific heat for the process is —005 
3-39 In a steam engine steam expands from 125 3 psig and 353 P to 55 3 psig and 
303 F If the volume increases from 0 6 cu ft to 1 2 cu ft calculate the work done 
3—40 As 4 Ib of air expand at constant temperature 20 Btu are added If the air 
onginally occupies 6 cn ft at 200 psia what is the final pressure? 


4—1 Calculate the number of pounds of hydrogen gas per minute that must be 
circulated through a hydrogen cooled electnc generator if the gas temper^ure nses 
lO^eg P while it absorbs heat The generator ts rated at 100 000 kw of which 2 per 
cen^is given off as heat to the hydrogen 

4^ Ait flows through a compressor each pound having its enthalpy inCTeased hy 
48 Btu while rejecting 1C, Btu to the cylinder jacket If the rate of flow is 12 lb per mm 
determine the horsepower needed to compress the air 

4-3 Determine the temperature of the air leaving the compressor in Problem 4-2 if 
the air ente^at 60 P « 

4-4 Ga^, leave a^Wnbustion chamber and enter a gas turlbne nozzle with a 
velocity of 224 i^per sec 'VI with an enthalpy of 350 Btu per lb The gases leave the 
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nozzle with a velocity of 1200 ft per sec. What is the enthalpy of the gases leaving 
the nozzle? 

4-5. ^ Ammonia vapor enters a compressor with an enthalpy of 628 Btu per lb and 
leaves with an enthalpy of 716 Btu per lb. Each pound of ammonia gives up 24 Btu 
to the water jacket while being compressed. The shaft input is 10 per cent greater 
than the work done in the cylinder on the ammonia. If 50 lb of ammonia are circulated 
per hour, calctdate the shaft horsepower required to drive the compressor. 

4-6. An automobile engine uses 2 gal of gasoline per hour. Gasoline has a specific 
gravity of 0.73 and a chemical energy of 19,300 Btu per lb. The engine takes in 16 lb 
of air per poimd of gasoline. The air and gasoline enter the engine with an enthalpy 
of 40 Btu per poimd of mixture. The exhaust gases leave the engine with an enthalpy 
of 380 Btu per pound of gases, and also contain 100 Btu of chemical energy per pound 
of gases. The engine’s water jackets and the air streaming around it remove 80,000 
Btu per hr. Calculate the engine’s horsepower. 

4-7. A jet-propelled airplane takes in air at 700 ft per sec with a temperature of 0 P. 
For each pound of air, there is supplied 0.015 Ib of fuel which has a chemical energy of 
19,000 Btu per lb. Neglecting the enthalpy of the fuel, and assuming that 15 per cent 
of the chemical energy is still unbumed at exhaust, calculate the velocity of the jet 
if its temperature is 800 F. (Consider that the jet has the properties of air, that air is a 
perfect gas, and that the plane’s combustion chamber loses 14 Btu per pound of air.) 

4-8. A power-plant air preheater of the recuperative type circulates flue gas through 
the insides of tubes while the air to be heated is forced around the outsides of the tubes. 
Data on the flue gas are as follows: 15,000 lb per hr enters the tubes at 700 F and leaves 
at 400 F, and Cp =0.26. Air data are as follows: 3,060 cu ft per min enters at atmos- 
perhic pressure and 60 F. At what temperature does the air leave the heater? 

4-9. A water heater mixes steam (1) with cold water (2), producing hot water 
(3). Kinetic energy and heat loss are negligible. We require 10,000 lb per hr of hot 
water at 210 F. The enthalpy of this water is 178 Btu per lb. If the enthalpy of the 
cold water is 10 Btu per Ib and that of the steam is 1200 Btu per Ib, how much steam is 
required per hour? 

4-10. A turbine uses 100,000 lb per hr of steam which enters with an enthalpy of 
1300 Btu per lb and negligible velocity. The turbine develops 10,000 hp. The steam 
leaves the turbine with a velocity of 500 ft per sec. Heat loss is neligible. Wkat is 
the enthalpy of the exhaust steam, in Btu per pound? 

4-11. Air at a gage pressure of 100 psi and 80 F flows with negligible velocity to a 
throttle valve. Some distance below the valve, the velocity is again negligible and the 
gage pressure is 10 psi. Find the temperature and specific volume of the low-pressure 
air. Is any work done in this process? How do you know? 

4-12. Air at a gage pressure of 100 psi and 80 F flows with a negligible velocity 
into a perfect nozzle in which it is expanded adiabatically and reversibly to a gage pres- 
sure of 10 psi. Find the temperature, velocity, and specific volume of the air lea^dng the 
nozzle. 

4-13. Any fluid flowing through a duct or pipe of uniform cross-sectional area under- 
goes a drop in static pressure because of fluid friction. Air at a gage pressure of 100 psi 
and 80 ft flows with a velocity of 100 ft per sec into a pipe line which has sufficient fric- 
tion to cause the gage pressure at the end of the line to be 10 psi. The flow is adiabatic 
(but not reversible) and the expansion causes the temperature to drop to 64 F at the exit. 

(a) Calculate the velocity and specific volume of the air leaving the line. 

(b) Check the validity of these results by applying the equation for * ‘continuity of 
mass flow” (Equation 9-3 in the text). 

(c) By comparing the results of Problems 4—11, 4—12, and 4—13, explain the differ- 
ences between (1) reversible adiabatic expansion, (2) irreversible expansion in a constant- 
area channel, and (3) throttling. 
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4-14 A diffuser is a diverging (for subsonic velocities) tube designed to increase 
the pressure of a high velocity fluid stream at the expense of its kinetic energy Air 
flows through a diffuser which reduces its velocity from 800 ft per sec to 250 ft per sec 
(o) If the flow IS adiabatic, what is the increase m the speciflc enthalpy of the air 
and the increase in its temperature? 

(b) If the process is also reversible, what is the ratio of the pressure at the exit to 
that at the entrance? Assume that ti = 60 P 

4-15 A pump requires an input of 125 hp when delivenng 1000 gpm of water at a 
gage pressure of 1 00 psi Suction pressure is atmospheric The internal cross sectional 
areas of the suction and discharge pipes are 7 39 and 3 36 sq in respectively Assume 
that the specific weight of the water at both inlet and outlet is 62 40 lb per cu ft that its 
specific heat is 1 000 and that 1 0 per cent of the mechanical energy supplied to the pump 
is lost externally largely because of fnction in the bearings and packing glands 

4-16 A test on an air compressor shows that it delivers 250 cfm of air (measured 
under inlet conditions) when using 25 shafts hp The flow of water through the jacket 
IS 1 1 lb per min and its temperature nse is 8 5 deg P Air enters the compressor at 83 F 
and leaves at 292 F Determine the heat lost from the compressor per minute (other 
than to the coolmg water) 

4-17 Steam enters an engine with an enthalpy of 1205 Btu per Ib and leaves with 
an enthalpy of 1058 Btu per lb The engine delivers 171 hp when usmg 3050 lb of steam 
per hour Determine the heat lost from the engine per hour assuming no net change in 
kmetic energy of the steam 

4-18 Steam enters a turbine at the rate of 166 000 Ib per hr with an enthalpy of 
1430 Btu per lb After partial expansion 42 000 lb of steam per hour are extracted, 
the remainder (124 000 lb per hr) completes the expansion and leaves the turbine with an 
enthalpy of 1020 Btu per lb The enthalpy of the extracted steam is 1200 Btu per lb 
Neglecting heat losses and net changes m kmetic energy, calculate the turbine horse- 
power 

4-19 How many pounds of air per pound of fuel must be supplied to the combustion 
chamber of a gas turbine to mamtam the temperature of the gases at exit of the com 
bustion chamber (and at entrance to the turbine) at 1500 P? Air enters the combustion 
chamber at 240 F with an enthalpy of 72 Btu per lb At 1500 F the gases have an 
enthalpy of 402 Btu per lb The sura of the enthalpy and chemical energy of the enter 
mg fuel is 18 400 Btu per lb 

4—20 A Freon refngeratmg machme is used to produce chilled bnne Freon enters 
the bnne chiller with an enthalpy of 26 Btu per Ib and leaves with an enthalpy of 86 
Btu per lb The flow of Freon is 2 200 lb per hr The bnne flow is 260 lb per min with 
a temperature drop of 10 deg F The specific heat of the bnne is 0 8 Calculate the 
heat flow into the bnne chiller from the atmoqihere 

4-21 Steam enters a turbme at the rate of 142 000 Ib per hr with an enthalpy of 
1400 Btu per lb and it leaves with an enthalpy of 1020 Btu per lb and with a veloaty 
of 24 000 ft per mm The entenng velocity may be neglected Heat lost from the 
turbine is 78 000 Btu per hr Calculate the horsepower output of the turbme 

4—22 Steam enters a steam engine with an internal energy of 1109 0 Btu per Ib 
a specific volume of 3 35 7 cu ft and a pressure of 1 34 psia The engine produces 1 74 bp 
when the steam flow is 2820 lb per hr The heat lost from the engine is 3500 Btu per hr 
Calculate the enthlapy m Btu per pound at engme exit 

4-23 Air enters a compressor at 14 0 psia and 80 F and is discharged at 88 psia 
Compression follows the law F F*-** = C Assume that the heat lost from the air is lost 
during the compression process The air flow to the compressor is 450 cfm Calculate 
(a) the air temperature at compressor exit (b) the heat lost from the air per mmute 
(find c.) and (e) the compressor horsepower 
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4-24. Gases enter a gas turbine at 1500 P and leave at 1200 P. The value of Cp 
for the gases is 0.27. The rate of gas flow is 2,400 lb per min. Assume that the action 
in the turbine is adiabatic but not isentropic. Calculate the turbine horsepower. 

4-25. An air-vapor mixture enters a dehumidifier at 90 P and leaves at 50 F. There 
is 0.01 lb of vapor per lb of air at entrance and there is 0.00765 lb of vapor per lb of air at 
exit. The difference in the amount of vapor at entrance and exit leaves as condensate 
at 54 F, with an enthalpy of 22 Btu per lb. The enthalpies of the vapor at entrance 
and exit are 1101 and 1084 Btu per lb, respectively. If the air flow is 2100 lb per min, 
calculate the heat which must be removed from the dehumidifier per minute. (Note: 
Treat the air as a perfect gas in getting its enthalpy.) 

4-26. Compressed air enters a pneumatic drill at 90 psia and 100 F and leaves 
at 14 psia and 40 F. The air flow to the drill is 2.6 cfm. Assuming adiabatic action, 
compute the horsepower developed. 

4-27. An air stream, having a velocity of 1,000 ft per sec, a flow of 10 lb per sec, 
and a temperature of 80 F, mixes with a second air stream which has a velocity of 400 ft 
per sec, a flow of 12 lb per sec, and a temperatme of 80 F. After mixing, the mean 
velocity is foimd to be 735 ft per sec. What is the temperature after mixing? 

4-28, A household warm air furnace bums natural gas at the rate of 65 cu ft per hr. 
It uses 20 Ib of air per lb of gas. The air and gas enter at 80 F, the gas having a pres- 
sure of 14.6 psia. Take the value of R for the natural gas as 96 and its chemical 
energy as 24,000 Btu per lb. The flue gases leave at 600 F. Take the value of Cp for 
the flue gases as 0.27. Assume complete combustion and no heat losses from the furnace. 
Calculate the amount of heat given up to the warm air by the combustion process. 
(Hint: Take 80 F as a datum plane for evaluating enthalpies. The air and fuel will 
have zero enthalpy at the datum.) 

4-29. A nozzle is to deliver air at a velocity of 800 ft per sec at atmospheric pres- 
sure. Air is cooled to 100 F before entering the nozzle. The velocity entering the nozzle 
is estimated to be 100 ft per sec. What is the minimum initial pressure necessary to 
produce the given velocity? (Hint: Minimum pressure is needed for an isentropic 
expansion.) 

4-30. A unit heater receives steam with an enthalpy of 1200 Btu per lb, and con- 
densate leaves with an enthalpy of 80 Btu per lb. Air enters the heater at 75 F and 14.5 
psia and leaves at 135 F. The air flow to the heater is 2,000 cfm. Determine the weight 
of steam required per hour if the heat lost from the heater equals 1 per cent of the heat 
given up by the steam. 

4^31. Steam flow to a turbine is 180,000 lb per hr with an enthalpy of 1400 Btu per 
lb. Steam exhausts from the turbine with an enthalpy of 980 Btu per lb; 19,000 lb per 
hr of steam are extracted from the turbine with an enthalpy of 1240 Btu per lb and 21,000 
lb per hr of steam are extracted with an enthalpy of 1110 Btu per lb. Neglect kinetic 
energies and heat losses. Find the turbine horsepower, assuming that mechanical losses 
are 350 hp. 

4-32. A gaseous mixture enters a nozzle with no appreciable velocity at a pressure 
of 100 psia. It has a specific volume of 4 cu ft per lb and an intrinsic energy of 185 Btu 
per Ib. It leaves at 20 psia with a specific volume of 12.6 cu ft and an intrinsic energy of 
117 Btu per lb. Calculate the exit velocity. 

4-33. A diesel engine delivers 2000 hp when using 780 lb of fuel per hour. Air 
enters the engine with an enthalpy of 20 Btu per lb. Gases leave with an enthalpy of 
280 Btu per lb. There are 20 lb of air per lb of fuel. The fuel has a chemical energy of 
18,500 Btu per lb. The water pump circulates 2600 lb of water per minute through the 
jackets, with a temperature rise of 26 deg F in the water. Neglect chemical energy in 
the exhaust and the enthalpy of the fuel. Calculate the summation of the heat lost from 
the engine and the unaccounted-for losses. 
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4-34 Freon enters a refngerating compressor with an enthalpy of 82 Btu per Ib 
and leaves with an enthalpy of 96 Btu per Ib The heat lost from the compressor is 9 
per cent of the shaft input The freon flow is 940 lb per hr Determine the shaft 
horsepower of the compressor 

4- 35 An unknown gaseous mixture enters a compressor at 80 F and is compressed 
to 380 P It is then cooled to 80 P in an aftercooler The water in the water jacket 
removes 450 Btu per mm This quantity is 80 per cent of the heat given up by the air m 
the compressor The heat removed in the aftercooler is 2420 Btu per min It is 
believed that the reported horsepower of 52 is in error Calculate the horsepower using 
the above data 

CHAPTER S 

5- 1 An internal combustion engine has a maximum temperature in its cylinder of 
4000 F while a steam engine can use a maximum of 1050 F If each could work down 
to an atmospheric thermal sink temperature of 60 F what would be the maximum 
possible eflSciency of each? 

5 2 Suppose that the engines in Problem 5-1 had such actual efficiencies that the 
mtemal-cambustion engine had an efficiency of 33 % rcfatire to an ideal engine operating 
between those temperature limits and the steam engine had an efficiency of 50% 
relahie to an ideal engine operating between its temperature limits What would the 
actual thermal effiaencies be? 

S-3 A Carnot Cycle engine has a temperature range of 300 Fahrenheit degrees 
The heat transformed into work is 30 per cent of that rejected Determine the tem 
peratures of supply and rejection of heat and the thermal efficiency 

5-4 In a Carnot Cycle engine the working substance consists of 0 1 lb of air and 
3 Btu are added per cycle at a temperature of 1540 F Heat is rejected at 40 F The 
maximum allowable pressure is 500 psia Calculate 

(a) Pressures temperatures and volumes for all points of the cyde 

(f>) Heat rejected per cyde 

(c) Work of each process 

(d) Cycle efficiency 

(e) Mean effective pressure (ratio of cycle work to piston displacement) 

5-5 The temperature of an infinite source of heat is 800 P ard 1000 Btu are re 
moved from the source and added to the engine at a temperature of 600 F The engine 
rejects heat at 40 F Calculate 

(a) Available energy removed from the source. 

(b) Maximum output of the engine 

(c) Loss in available energy as a result of the heat transfer 

5-6 A 200 hp diesel engine uses 0 4 Ib of fuel per hp hr and takes in 20 lb of air per 
lb of fuel The exhaust gases leave the engme at 600 P The lowest available tempera 
ture IS 60 F In the ideal case these exhaust gases may be cooled from 600 F to 60 F 
giving up energy which may partly be turned into wort If the specific heat of the gases 
IS 0 26 calculate the available energy per pound of gas and per hour that can be removed 
by cooling these gases Calculate also the maximum horsepower that can be produced 
by coohng the exhaust gases 

5 7 Air at 100 F and 50 psia is throttled to atmosphenc pressure Calculate the 
change in entropy per Ib of air If the lowest available temperature is 40 F calculate 
the mcrease in unavailable energy of air What is the decrease m available energy? 

5-8 A Carnot Cycle engine has a temperature range of 1000 Fahrenheit degrees 
It receives 1000 Btu per mm at 1000 F Calculate its horsepower 

5 9 In an economizer flue gases are cooled from 700 F to 350 F The ec^o^er 
receives 50 OOO lb of water per hour at a temperature of 200 F and there are 65 000 lb 
of flue gases per hour The specific heat of the flue gases may be taken as 0 26 and that 
of the water as 1 0 Assume that the lowest available temperature is 140 F Calculate 
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(a) Temperature of the water leaving the economizer. 

W Unavailable energy removed from the gases per hour. 

(r) Unavailable energy added to the water per hour. 

(d) Loss of available energy per hour as a result of the heat transfer. 

5-10. A refrigerating machine operates on the Carnot Cycle and receives 24,000 Btu 
per hr at 10 F, It discharges its heat at 110 F. What horsepower is needed to drive it? 

5—11. An engine operating on the Carnot Cj^Ie develops 160 hp. The temperature 
at which heat is rejected is 60 F, which is 500 deg lower than that at which the engine 
receives heat. The heat comes from combustion of oil which has a heating value of 
140,000 Btu per gal. How many gallons of oil are needed per hour? 

5-12. Refer to Problem 5-11. If the temperature at which heat is rejected should 
rise to 220 F and if the high temperature and the horsepower developed are the same as 
before, how much more oil would be burned? 

5-13. Prove that the exponent 7i equals k for isentropic compression of a perfect 
gas by the following method : On the TS plane, sketch an isentropic line rising from 
TiXo 7a; through Ti sketch a constant-volume line; and through Tz sketch a constant- 
pressure line. These lines will intersect. Equate the entropy change at constant 
volume to that at constant pressure, solve the equation, eliminating temperature ratios, 
and obtain finally the following : 



5-14. Solve Problem 5-13 by drawing an isothermal line through Tz instead of a 
constant pressure line, obtain an intersection with the constant-volume line through Ti, 
and eventually show that PV^=C, 

5-15. Solve Problem 5-13 by drawing an isothermal line through Tz and a constant- 
pressure line through Ti, obtain an intersection, and eventually show that 

5-16. (a) A steam-engine plant receives heat at a mean temperature of 450 F and 

rejects heat at a mean temperature of 120 F. Calculate the maximum possible efficiency. 

(6) An internal-combustion engine “receives” heat at a mean temperature of 4000 F 
and rejects heat at a mean temperature of 600 F. Calculate the maximum possible 
efficiency. 

5-17. The steam plant in Problem 5-16 uses coal with a heating value of 14,000 
Btu per lb, and the internal-combustion engine uses gasoline with a heating value of 
20,000 Btu per lb. If each engine has an actual thermal efficiency of 35 per cent of the 
maximum, calculate the number of pounds of fuel used per horsepower-hour. 

5-18. A Carnot- Cycle engine rejects heat at 80 F. If the heat rejected is twice the 
work, at what temperature is heat supplied ? 

5-19. (a) In the heater of Problem 4-9, is there a loss of heai from the apparatus? 

(b) If the steam has an entropy of 1.7631 units per lb upon entering the heater and 
has an entropy of 0.3089 unit per lb when leaving the heater (in the liquid form), and a 
minimum temperature of 42 F is assumed, what is its change in unavailable energy, in 
Btu per hour? 

(c) The cold water has an entropy of 0.0219 unit per lb ; and after being heated its 
entropy is 0.3089 unit per lb. What is the change in its unavailable energy’, in Btu per 
hour ? 

(d) What is the net change in unavailable energy in the heater? Does unavailable 
energy increase or decrease? Why? 

5-20. A furnace burns 6200 lb of coal per hour. Gases enter the tubes at 2400 F 
and leave at 600 F. There are 14 lb of gases per pound of coal. Take the specific heat 
of the gases as 0.26. Water enters the boiler at its boiling temperature of 420 F, and 
steam leaves at the same temperature. The lowest available temperature is 100 F. 
Determine the loss of available energy (expressed in terms of horsepower) as a result 
of the heat transfer from the gases to the water. 
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S 21 The maximum temperature in a heat engine is 1040 F and the minimum 
temperature is 140 F If the engme has an efiSciency equal to 40 per cent of that of the 
Camot Cycle for the same temperature limits determine the power output when the heat 
supphed IS 127 200 Btu per hr 

5-22 A Camot Cycle engine using air has a cold body temperature of 140 F 
During isentropic compression the pressure increases to 12 times the valie before the 
compression How much heat must be added per minute to produce 125 hp? 

5-23 Refngeration is desired at 0 F A hot body is available at 100 F Deter 
mine the refngeratmg effect m Btu per nunute per horsepower input to a re\ ersed 
Camot Cyde engine 

5-24 In a Camot Cycle the pressure decreases during addition of beat from 600 
psia to 300 psia If the weight of the workmg substance (air) is 0 2 Ib and if heat is 
added at 600 F and rejected at 100 F, determine the work output per cycle 

5 25 A new type of gas turbine is developed having a maximum temperature of 
1200 F when exhausting at 600 F The turbme is said to dehver 4000 hp when using 180 
gal of fuel per hr with a heating value of 145 000 Btu per gal Make calculations to show 
if this performance is reasonable. 

S-26 A new carburetor is de\ eloped which is said to give 60 miles per gal at 50 mph 
The known values for losses in the transmission system the wind resistance of the car 
bearing losses m the car and fnctional losses in the engine total 44 hp at this speed 
Make calculations to show whether or not the reported 60 miles per gal is reasonable 
Take the heatmg value of gasoline as 140 000 Btu per gal 

5-27 A newly developed refngeration machme picks up heat at 0 F and delivers it 
at 90 F When the horsepower input is 32 the reported refngeration produced is 400 000 
Btu per hr Is this performance possible? Is it reasonable? 

5-28 In a Camot Cycle heat is to be rejected at 80 F The lowest pressure is to 
be 14 7 psia The maximum cylinder volume is to be 1 5 cu ft The maximum allow 
able pressure is 1 500 psia and the maximum allowable temperature is 820 F Determine 
the work output per cycle and the mean effective pressure 

5-29 A Camot Cycle heat engine dnves a heat pump which operates on the 
reversed Camot Cycle The heat engme receives heat at 600 F and exhausts to a build 
ing at lOO F The heat pump picks up heat at 30 F and delivers it to the building at 
100 F How much heat is supplied to the building when the heat input to the heat engine 
is 5 000 Btu per hr? 

5 30 A heat engine is said to have an efficiency of 68% when rejecting heat at a 
mean temperature of 300 F If this is true what is the imiumum temperature at which 
heat IS supplied? 

5 31 Air is compressed (non flow) from 14 0 psia and 80 F to 140 psia and 280 F 
Calculate the change in entropy per pound of air Do you have to know if the process 
iS reversible? 

5^2 Air is compressed isentropically (non flow) from 14 0 psia and 80 F to 140 
psia Calculate per pound (o) the increase m available energy of the air (6)themcrease 
in unavailable energy of the air 

5-33 A quantity of air weighmg 1 lb expands m a cylinder from 140 psia and 540 F 
to 14 psia accordmg to the law F P « = C Calculate the change m entropy 

5^34 Air weighing 3 lb expands reversibly in a cylmder doing 32 000 ft lb of work. 
The heat added dunng the expansion is 6 Btu Imtial pressure and temperature are 
140 psia and 540 F Calculate the change m entropy 

5-n35 Solve Problem 5-34 for a completely irreversible expansion to 14 psia 

5^6 Air weighmg 0 3 lb is compressed at a constant temperature of 40 F The 
onginal pressure is 20 psia If the entropy decreases 0 Oa umt during the process calcu 
ate (a) the work required and (&) the pressure 
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5 37. When 6 lb of air at 80 F are compressed at constant pressure, the entropy 
increases 1,0 umt. What is the final temperature? 

5—38. In a water heater, water is heated from 80Pto 220F by steam which is con- 
densing at 260 F . The amount of water heated per hovir is 4000 lb. The lowest avail- 
able temperature is 80 F. How much available energy is lost per hour as a result of the 
heat transfer? 

In a regenerator of a gas-turbine unit, the gases are cooled from 900 F to 
400 F. Air enters the regenerator at 250 F. The gas turbine uses 1200 lb of fuel per 
hour and 50 lb of air per lb of fuel. Take the mean specific heat of the air as 0.25 and 
that of the gases as 0.26. The lowest available temperature is 80 F. Assuming no heat 
losses, calculate: 

(a) Temperatiire of the exit air. 

(b) Heat transferred per hour. 

(c) Unavailable energy removed from the gases per hour. 

(d) Unavailable energy added to the air per hour. 

(e) Percentage of available energy removed from the gases which is lost in heat 
transfer. 

5-40. An automotive engine develops 80 hp when using 6.4 gal of fuel per hour. 
The heating value of the fuel is 140,000 Btu per gal. It is proposed to use vapor-cooling 
of the engine by producing steam in the jackets at 230 F. If 30 per cent of the heating 
value of the fuel goes into the j'acket water and the lowest available temperature is 80 P, 
calculate the maximum horsepower which can be produced by using steam formed in the 
jackets to produce power. 

5-41. Steam leaves a steam generator with an entropy of 1.6257 units per lb. A 
proposed small steam line causes such a loss of pressure that the entropy increases to 
1 ,6422 units per lb. By use of a larger line, the entropy entering the turbine is estimated 
to be 1.6328 units. The steam flow is 300,000 lb per hr. If the lowest available tem- 
perattire is 70 F, calculate the saving in horsepower by use of the larger pipe. 

5—42. At part load, the steam flow to a turbine is controlled by throttling the steam. 
This throttling increases the specific entropy from 1.5878 units to 1.7027 units. At part 
load, the steam flow is 12,800 lb per hr. If the lowest available temperature is 90 F, 
calculate the horsepower lost by throttling, 

5-43. Air leaves a nozzle at 80 F with a velocity of 1000 ft per sec. This velocity 
is reduced to an insignificant value by friction and turbulence, without a measurable 
change in pressure. If the lowest available temperature is 80 F, calculate the loss in 
available energy by destroying the velocity. 

5-^. A Camot-Cycle engine receives 100,000 Btu per hr at 600 F. Calculate the 
percentage increase in power output that may be obtained by lowering the cold-body 
temperature from 80 F to 60 F. 

5-45. Solve Problem 5-44 if the heat were received at 200 F. 

5^6. A steam turbine uses 400,000 lb of steam per hr to produce 65,000 hp. The 
steam gives up 950 Btu per lb in the condenser at a constant temperature of 90 F. If 
the lowest available temperature is 70 F, calculate the maximum horsepower lost as a 
result of heat transfer. 

5- 47. In a compression of air (non-flow), 4.2 Btu are removed from 0.6 lb of air as 
its temperature increases from 80 F to 320 F. Calculate the change in entropy. 

CHAPTER 6 

6- 1. At 100 F, the change in entropy during vaporization is 1.8531 units per pound 
of steam. How does the product compare Tvith the value of /i/ff at this temperature 
in the steam tables? 
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6-2 A constant pressure of 20 psia is mamtamed while 1 lb of water is heated 
from so P to 1000 P Make a T~S plot of this constant pressure heating process to 
scale 

6-3 Repeat Problem 6-2 but use a constant pressure (psia) of (o) 0 5069. (6) U 7. 
(c) 100 id) 2000 {e) 3206 2 (j) 5500 . w 

6-4 Calculate the heat supplied :n each case m Problems 6-2 and 6-3 
6-5 Calculate the change of intnnsic energy in each case m Problems 6-2 and 
6-t3 

6-6 A pound of steam at 600 psia has an enthalpy ol 1200 Btu Petcmune t, j, v, 
and « 

6-7 Repeat Problem 6-6 with an enthalpy of 1500 Btu 

6-8 Steam in a tank is at 200 psia and of 90% quality Heat is added until the 
pressure is 250 psia Calculate per pound (a) heat added and (5) change m enthalpy 
6-9 Dry saturated steam at 400 F is heated at constant temperature by the addi 
tion of 100 Btu per Ib Specify the final condition of the steam and calculate the work 
done and the change in intrinsic energy per pound 

6-10 Steam expands in a cylinder isentropically without flow from 5500 psia and 
1600 F to 325 psia Specify the final temperature and calculate the work done per 
pound 

6-11 Calculate the exponent « for the e'cpansion of Problem 6-10 
6-12 Steam at 300 psia and 500 F expands isentropically without flow to 100 psia 
Calculate the work done if the onginal volume is 3 535 cu ft 

6-13 A pound of steam expands isentropically without flow from 132 psia and 
420 F and does 3 1 200 ft lb of work Specify the final conditions 

6-14 A boiler receives feed water at 50 F and turns it into steam of 98% quahty 
at 120 psia How much heat is supplied per pound? 

6-lS Solve Problem 6-14 for a boiler that receives feed water at 250 F and turns it 
into steam which issues at 600 psia and 850 F 

6-16 Solve Problem 6-14 for a boiler that receives feed water at 400 F under a 
pressure of 1500 psia and turns it into steam which issues at 1300 psia and 1050 F 
6-17 A quantity of water weighing 100 lb is initially at 60 F and is cooled at con 
stant atmospheric pressure uutil the temperature is 0 F Calculate the heat removed 
and the change in volume and in entropy 

6-18 Steam at 205 psia and of 99% quality enters a superheater It leaves at 200 
psia and 500 F Calculate the heat added per pound in the superheater 

6-19 Steam m a cylinder is at 150 psia and of 90% quahty If 200 Btu per lb are 
added at constant pressure calculate the work done per pound 

6-20 Steam flows through an engine expanding isentropicafly irom "the cntica'i 
pomt to 3 psia Calculate the work done per pound 

6-21 Steam flows through a turbine expanding isentropically from 1300 psia and 
1050 F to 1 psia Calculate the work done per pound 

6-22 Consider that the expansions of Problems 6-20 and 6-21 are cases of throt 
tling and specify the final conditions in each case 

6-23 Dry saturated steam at 1400 psia flows through a senes of throttling devices 
which successively lower its pressure to atmosphenc Specify its condition at 500 100, 
48, and 14 7 psia 

6-24 Steam of unknown quahty at 450 psia enters a throttling calonme^ at 
vanous times and emerges at 1 9 psia mth the following temperatures (a) 240 F {o) 340 
F, (c) 225 24 F In each case what is the quality of the high pressure steam? 



Phoblei^is 


421 


6-25. Make a Mollier-type (H-S) plot of the constant-pressure processes in Prob- 
lems 6-2 and 6-3. 

6-26. Steam is isothermally expanded from 1 1 psia to 1 psia. Calculate the change 
in specific enthalpy for each of the following temperatures at which expansion takes 
place: 200, 400, 800, 1600 F, What conclusions do you draw from these results? 

6-27. Steam entering a surface condenser from a turbine has a moisture content of 
6% at a temperature of 104 F, The condensate leaves the condenser at 98 F. The 
cooling medium is water, which flows through the condenser tubes; heat is transferred 
through the tube walls from the steam to the cooling water, which enters at 60 F and 
leaves at 70 F, How many pounds of cooling water are required per pound of steam 
condensed? 

6-28. Water under a pressure of 100 psia and at a temperature of 294 F enters a 
high-pressure feed pump, from which it leaves at 1500 psia and 300 F. If the pumping 
is performed without heat loss through the pump casing, calculate the work per pound 
of water pumped. 

6-29. Considering the universal gas constant to be 1545, show whether the perfect- 
gas laws are applicable to steam under each of the following conditions of pressure and 
temperature: (a) 1 psia and 120 F; (6) 1 psia and 500 F; (c) 14.7 psia and 220 F; (d )14.7 
psia and 500 F; (e) 450 psia and 460 F; (f) 450 psia and 1000 F; (g) 3000 psia and 700 P; 
(//) 3000 psia and 1600 F. 

6-30. Water, initially at 6000 psia and 300 F, is throttled until it is a saturated 
liquid. Determine the change in F, v, and s. The saturated liquid is then further 
throttled xmtil the pressure is atmospheric. Again determine the change in P, t, v, and s. 
Then make a T—S plot of the three state points connected by the enthalpy line con- 
cerned. 

6-31. From Keenan and Keyes Steam Tables, determine the pressure P, tempera- 
ture T, weight W, enthalpy entropy 5, volume F, quality .v or degrees superheat (sup, 
ht.), as applicable, and the internal energy U of water in the states defined by the follow- 
ing data (note that all values are total quantities for the specified weights) : 

(a) TF=1, F= 1.0993, 5 = 1.4793. 

(5) P = 700, r=700 F, 5=0.3133. 

(c) P = 700, 5 = 1.4800, TF = 1.03. 

(d) 17/i,=0, F=5.03. 

(e) TF=5, 5=8.00, F= 13.900, superheated 66.04 deg F, 

CO TF=1, :c = 100%, 5=1.7566. 

(g) r=1600 F, F = 1227.0, TF=0.5. 

(h) W=U T=0 F, 1061.8. 

(f) W=l, 5^ = 2.5433=5. 

(j) P=5000, r=700 P, TF=1. 

(;&)P= 0.08854, F=3306, IF=3. 

6—32. The specific entropy of saturated liquid ammonia at 80 psia and 44.40 F is 
0.1982, and for the dry and saturated vapor at the same pressure it is 1.2545. The 
specific volume of the saturated liquid is 0.02548, and the change in internal energy 
during vaporization is 478.6 Btu per lb. Calculate: (a) the heat required to vaporize 

1 lb of this substance at 80 psia; (5) the change in -j-; (c) the specific volume of the dry 

saturated vapor at 80 psia. 

6-33. The equation PF« = C usually can be applied without appreciable error to 
the expansion of steam in an engine cylinder. Assume that ?i = l for steam which has 
an initial pressure and temperature of 300 psia and 600 F. The total volume at the end 
of expansion is 3.0075 cu ft and the pressure is 100 psia. Dete^ne: (a) the weight 
of steam in the cylinder; (h) the temperature at the end of expansion; (c) the work of the 
process in Btu per lb. (Remember that the fundamental expression for the work done 
in any reversible non-flow process is y’P dV,) 
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6-34 Suppose that the initial and final states as determined in Problem 6-33 
represent the conditions of steam entenng and leaving respectively a steady flow device 
which IS perfectly insulated and m which there is no net change in velocity Calculate 
the work done in Btu per lb 

6-35 "When valves are closed at both ends of a pipe hne 2 Ib of steam at 400 P are 
trapped in the hne The interna! volume of the pipe is 15 40 cu ft After the pipe has 
cooled to the ambient temperature a gage connected to it indicates a vacuum therein of 
2900in ifg The barometer readmg IS 29 76 m Find (a) the initial pressure of the 
steam (6) the final temperature of the steam (c) the amount of heat lost by the steam 
6-36 Suppose that the steam in Problem 6-21 were throttled from the specified 
imtial conditions to 305 psia at the entrance to the turbine 

(а) How much work would not be done in the turbine by 1 Ib of steam? 

(б) Assuming a minimum allowable temperature of 101 74 F determine the increase 
m unavailable energy resulting from the throttling 

(c) Is the loss in the available energy of the steam equal to the reduction in the 
theoretical work of the turbme? Why? 

6-37 (a) Boiling water at 20 psia is heated to 600 F at constant pressure Deter 

mine the heat added per pound 

(fc) Determine the heat added at a pressure of 400 psia 
(c) Determine the heat added at a pressure of 1400 psia 

6-38 Water enters a steam generator at 1500 psia and 300 F Steam leaves at 
1400 psia The heat added is 1160 8 Btu per lb Specify the steam condit ons at emt 
Do not neglect the efiect of pressure on the enthalpy of the liquid 

6-39 Steam is to expand isentropically to 1 psia If the maximum moisture content 
after expansion is not to exceed 10% and if the maximum initial temperature is not to 
exceed 950 F specify the maximum initial pressure which may be used with maxnnum 
moisture content after expansion 

6-40 Water enters a pump at 20 psia and 140 F It leaves at 1500 psia Cal 
culate the theoretical work per pound of water by use of Table IV in Keenan and Keves 
and compare with the work obtained by assuming no change m volume in the pump 
6-41 Is the following steam wet dry saturated or superheated? 

(«) p«=100 psia w — 4 801 cu ft per lb 

(5) (=450 F A = 1150 Btu per lb 

(c) p = I20 psia « = 1200 Btu per lb 

(d) 1=312 F « = 1102 1 Btu per lb 
(<•) ^=400 psia / = 680 F 

(/) I 310 F 5— 0 4504 unit per lb 
(g) p=3206 2 psia «=705 40 P 
(fc) p=80 psia s = l 6207 umts per Ib 

6-42 Specify the mnditjons of steam (pressure and temperature if superheated or 
pressure and quabty if saturated) for the following data 

(0) t 400 F A - 1239 0 Btu per Ifa 

(6) 4=300 F 1 = 1 6000 umts per lb 

(c) 4=447 F « = 1118 6 Btu per lb 

(d) v = 2 061 cu ft per Ib 1 = 1 4451 umts per Ib 

6-43 Determine the internal energy of a pound of steam having a volume of 9 54 
cu ft and an enthalpy of 1244 4 Btu 

6-44 Determine the values of r A and s per pound of water for the foUowmg con 
dittons 

(a) 200 psia 50 P 

(1) 3000 psia 660 F 

(e) 1500 psia 250 P 
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6-45. Water is heated from 100 F to 300 F at a pressure of 200 psia. If the heat 
added is calculated by neglecting the effect of pressure on enthalpy, what error is caused? 

6-46. At the start of the admission process in a steam engine, the clearance space of 
O.l cu ft contains dry saturated steam at 140 psia. Dry saturated steam is supplied at 
140 psia. At the end of the admission, the cylinder pressure is 140 psia, the volume is 
0.4 cu ft, and the quality is 70%, Calculate the work done and the heat lost during 
admission. 

6-47, Freon, F-12, enters an expansion valve at 80 F, It then passes into an 
evaporator which it leaves at 20 psia and 30 F, If the freon flow is 380 lb per hr, calcu- 
late the heat picked up by the freon per hour. 

6-48. Freon, F-12, enters a condenser at 140 psia and 150 F. Freon leaves the 
condenser at 139 psia and 98 F. The Freon flow is 170 lb per hr. Calculate the heat 
removed from the Freon per hour. Do you think the effect of pressure on enthalpy of 
the liquid can be neglected in this case? 

6—49. (a) Freon, F-12, enters a compressor at 16 psia and 0 F and leaves at 140 

psia and 160 F. If the heat lost per minute is 30 Btu and the Freon flow is 35 lb per min, 
calculate the compressor horsepower. 

{b) How is it possible for heat to be removed during the compression process when the 
entropy increases? 

6-50. (a) Water enters a steam generator at 200 psia and 220 F, and steaip leaves 

at 140 psia and 400 F. Determine the error caused in the calculated heat added by 
neglecting the effect of pressure on the enthalpy of the liquid. 

(b) Solve the problem i£ water enters at 2000 psia and 400 F and steam leaves at 
1400 psia and 900 F. 

6-51. How much heat must be removed per pound, if water at 80 F is turned into 
ice at —20 F? 

6-52, Moist air enters a heater at 10 F and leaves at 130 F. The air flow is 82,000 
lb per hr. There is 0.0012 lb of vapor per lb of air. Calculate the heat added to the 
vapor per hour. (Note: As the vapor pressure is very low, neglect its effect on 
enthalpy. Take the enthalpy at a given temperature equal to that of saturated vapor at 
the same temperature.) 

6-53. (a) Water is heated at atmospheric pressure from 80 P to 180 F. Calculate 

the error in the calculated heat added by assuming a specific heat of unity. 

(6) Solve the problem for water heated from 300 F to 400 F at 800 psia. 

6-54. Steam enters a turbine at 200 psia and 400 P and leaves at 16 psia to enter a 
second turbine. It leaves the second turbine at 1 in. Jfg, abs. Assume isentropic expan- 
sions and no losses between the turbines. Compare the works of the two turbines. 

6-55. In an evaporator, raw water enters at 70 P. After vaporizing, it leaves at 50 
psia with 99.8% quality. Heat is supplied by steam which enters at 130 psia and 350 P. 
Condensate leaves at 340 F. If raw water is supplied at the rate of 4,200 lb per hr, 
calculate the amount of steam required. 

6-56. A building, which is steam heated, loses 400.000 Btu per hr. Steam enters 
the building at 12 psig with 98% quality. Condensate leaves at 130 F. Machines 
and building occupants give off 85,000 Btu per hr. Calculate the number of pounds of 
steam required per hour, 

6-57. To obtain reliable results, steam leaving a throttling calorimeter should 
possess at least 10 deg of superheat. It is estimated that the quality of steam at 160 
psia is about 94%. Determine the minimum vacuum, in in. which must be obtained 
for the calorimeter exhaust to make it possible to determine the steam quality, 

6-58. Steam at 190 psia and 640 P is throttled to 1 10 psia and 620 F. State two 
reasons why the final enthalpy is less than the original enthalpy. 
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6-59 (a) Steam at 400 psia and 700 F expands m a turbine to 1 psia If the actual 

work IS 75 per cent of the isentropic work calculate the enthalpy per pound at turbine 
exit Neglect heat losses and kinetic energy changes 

(6) Compare the change in unavailable energy m the turbine (use a lowest available 
temperature o! 101 74 F) with the difference between the actual and theoretical turbine 
works 

6- 60 The centrifugal compressor of a water vapor refngeration system receives 
vapor at 40 P with 98% quality and compresses it to 1 psia The vapor flow is 40 lb 
per tmn The work of isentropic compression is 75 per cent of the actual work Calcu 
late (a) the compressor horsepower and (i) the volume of vapor to the compressor, in 
cubic feet per minute 

CHAPTER 7 

7- 1 A boiler delivers dry saturated steam at 200 psia The condenser pressure is 
2 psia For the Carnot Cycle and a saturated hquid entenng the boiler calculate 
(a) the heat supphed per pound (6) the net work per pound («) the cycle efficiency 

7-2 Repeat Problem 7-1 for the Rankine Cycle 

7-8 A boiler delivers steam to a Rankine Cycle engine at 200 psia and 500 P The 
exhaust pressure is atmosphenc Calculate 

(а) Heat supplied per pound 

(б) Work per pound 

(c) Heat rejected per pound 

(d) Pounds of steam per horsepower hour 

{<) Thermal efficiency 

7-4 A steam engine receives steam at 200 psia and 500 F The exhaust pressure is 
atmospheric The engine uses 20 lb of steam per hp hr Calculate 

(а) Heat chargeable per pound 

(б) Work per pound 

(c) Heat rejected per pound 

(d) Waste energy per pound 

(e) Actual thermal efficiency of engine 

(/) Engine effiaency 

7 5 Calculate the w eight of steam that must be supplied per hour to a steam turbine 
which IS to deliver 5000 hp The turbine recei\ es steam at 300 psia and 700 F and 
exhausts at 1 psia Assume that the engine efficiency is 72% 

7—6 A steam turbine receives steam at 1400 psia and 1050 F and exhausts at 1 
psia Calculate the Rankme-Cycle efficiency and the specific steam rate including 
and neglecting the work of the boiler feed pump 

7—7 Iri a Rankine Cycle the absolute exhaust pressure is 1 in. Ilg Steam leaves 
the. sjujerb/sater ah UlOQ P CalnMlatn and. ijl/it thn efficxenaes fnegjlectiDg the work ot 
the feed pump) for the following imtial pressures in psia 200 500 800 1200 2000 
3206 5500 

7-8 A steam turbine operates on the reheating cycle Steam enters at 120^sia 
and 1000 P and expands isentropically to 180 psia where it is reheated 1000 F 
Expansion then takes place isentropically to an absolute pressure of 1 in Hg Calculate 
the thermal efficiency of the cycle and compare it with that of a Rankine Cycle 

7-9 Consider that dunng each part of the expansion for the reheating cyde m 
Problem 7-8 the engine efficiency ts 75% and that for the straight ^nkme C^Ie 
conditions a turbine actually would have an engme efficiency of only 70% Calculate 
the actual thermal effiaency in each case 

7—10 A steam turbine power plant operates on the extraction cycle Steam enters 
the turbine at 1200 psia and 1000 F and expands isentropically to 180 psia where 
extraction takes place The steam not extracted continues isentropic expansion to 
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an absolute pressure of 1 in. Hg. Calculate the thermal efficiency of the cycle and 
compare it with that of a Rankine Cycle. 

^”il« Consider that, during the high-pressure part of the expansion in Problem 
7-10, the engine efficiency is 75%; and that, during the low-pressure part, it is 68%. 
Calculate the thermal efficiency of the cycle. 

7-12. Consider that, during both parts of the expansion in Problem 7-10, the engine 
efficiency us 75%; and that the steam not extracted at 180 psia is reheated at that pres- 
sure to 950 F before continuing its expansion to condenser pressure. Calculate the 
thermal efficiency of the cycle. 

7-13. Consider that the output of the turbine in Problem 7-10 is to be 20,000 hp. 
Calculate the following items for both the Rankine Cycle and the extraction cycle: 

(a) Weight of steam required per hour. 

(b) Volume of steam per second at turbine exhaust. 

(c) Amount of cooling water per second, assuming a temperature rise of 15 deg F for 
the cooHng water and no subcooling of the condensate. 

7—14. Steam enters a turbo-generator at 1400 psia and 1000 F, and leaves at 1 in. 
Hgt abs. The actual steam rate is 7.1 lb per kwhr. Determine (a) the actual thermal 
efficiency and (b) the engine efficiency (R.C.R.). 

7-15. Steam enters a turbine at 400 psia and 700 F, and leaves at 1 psia. The 
steam flow is 88,200 lb per hr. Mechanical losses in the turbine total 180 hp. The 
engine efficiency (R.C.R.) based on the shaft horsepower is 74%. Determine: (a) the 
shaft horsepower; (b) the enthalpy per pound of exhaust steam, neglecting heat losses 
from the steam and assuming no net change in kinetic energy. 

7—16. (a) A steam boiler is capable of delivering 60,000 lb of steam per hour at 

200 psia and 600 F. Determine the horsepower output of a turbine receiving this steam, 
if it exhausts at 1 psia and has an engine efficiency (R.C.R.) of 75%. 

(b) Determine the thermal efficiency of the turbine. 

7-17. A steam turbine receives steam at 330 psia and 740 F, and exhausts at 1 psia. 
Steam is extracted at 39 psia for feed- water heating. If the throttle flow is 133,500 lb 
per hr, determine for the theoretical case: (a) the tmbine horsepower and (5) the 
thermal efficiency. 

7-18. The reheating steam turbine (actual) receives 288,000 lb of steam per hour at 
600 psia and 800 F, and exhausts at 1 in. Hg, abs. After expansion to 30 psia, the steam 
is reheated to 700 F. The high-pressure turbine has an engine efficiency (R.C.R.) of 
78% and the low-pressure turbine has an engine efficiency of 74%. 

(a) Determine the theoretical and actual enthalpy drops per pound in both turbines. 

(b) Compute the actual enthalpy per pound at exit for both turbines. 

(c) Determine the heat added per pound in the reheater. 

(d) Find the over-all thermal efficiency. 

(e) Compute the turbine horsepower. 

7-19. The enthalpy of steam leaving a turbine is to be 1050 Btu per lb. The actual 
turbine work desired per pound of steam is 150 Btu. The exhaust pressure is 20 psia. 

(a) Determine the enthalpy per potmd of supply steam, the thermal efficiency, and 
the steam rate, 

(5) Can engine efficiency be determined? 

7—20, A steam turbine receives steam at 600 psia and 800 F , and exhausts at 1 in. 
Hgf abs. Steam is extracted for feed-water heating at 134 psia and 16 psia. Determine 
the thermal efficiency for the theoretical case. (Hint: Work with the high-pr^ure 
heater first. Assume that 1 lb of steam enters the turbine, with X lb of st^m going to 
the high-pressure heater; and that (1— -V) lb of saturated W’'ater at 16 psia leaves the 
low-pressure heater and goes to the high-pressure heater. Make an energy balance on 
the high-pressure heater and solve for X. Now make an energy balance on the low- 
pressure heater and solve for the steam flow to it.) 
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7-'21 A steam turbine is to furnish dry steam at its exhaust at 20 psia 

The maximum allowable temperature entenng tb® turbine is 700 F Assume an engme 
efficiency of 66% Determine (a) the maximum pressure entering the turbme and (6) 
the steam flow for a turbme output of 2000 hp 

7-22 A steam turbine receives steam at 20^0 psia and 1100 P and exhausts at 1 
psia For the Rankine Cycle calculate 
(o) "Work per pound in the turbine 

(6) Work per pound in the pump (use Fig 3 iri Keenan and Keyes) 

(c) Heat supplied per pound 

(d) Thermal efficiency 

7-23 Repeat Problem 7-22 neglecting the f:l^nge m enthalpy in the pump 
7-24 Specify the capacity in pounds per hour nf a steam generating unit which 
deUvers steam to a 50 000 kw turbo generator 800 psia and 900 P The turbme 
exhausts at 1 psia and has an engine effiaency bused on the generator output of 78% 
7-2S Steam enters a turbine at 400 psia an4 700 F and leaves at 1 psia with 90% 
quality Neglecting heat losses calculate (a) th® waste energy per pound and (6) the 
engine efficiency 

7-26 Steam leaves a steam generator at 900 psia and 900 F and enters a steam 
turbine at 850 psia and 880 F The turbine has an engine efficiency of 78% when 
exhausting at 1 5 in Hg ahs Condensate leaves the condenser at 86 F and enters the 
steam generator Calculate the thermal efficieni/y of the cycle 

7-27 A steam turbo generator has a heat rat® of 10 600 Btuper kwhr when supphed 
with steam at 1200 psia and 900 F and exhausting at 1 psia Calculate the steam rate 
7-28 A steam turbo generator has a steam rate of 17 lb per kwhr at rated load 
when receivmg steam at 600 psig and 740 F and exhausting at 10 pstg The efficiency of 
the generator is 97% at the rated load of 3000 kw Mechanical losses of the turbine 
(which are converted to heat) total 60 hp CalcuJut® the enthalpy of the exhaust steam 
7-29 Calculate the engine efficiencies on botk the brake basis and the mtemal basis 
for Problem 7-28 

7—30 A steam turbme receives steam at 400 psta and 700 F and exhausts at 20 psia 
It produces 3500 shaft hp when usmg 43 400 lb oi steam per hour Mechanical losses 
total 50 hp Deterrmne the internal engine effici®ucy 

7-31 Steam enters the high pressure unit of u reheating turbine at 1400 psia and 
900 F and leaves at 300 psia to be reheated Exl^ust pressure of the low pressure unit 
IS 1 psia In the theroretical case it reqmres 1^2 4 Btu per lb to reheat the steam 
Calculate the theoretical thermal efficiency 

7-32 A reheating steam turbine receives stea™ a* psia and 900 F and e^usts 
at 1 psia It produces 33 000 hp when usmg 190 000 lb o£ steam per hour Reheati^ 
requires 120 Btu per pound of steam Neglec^ng mechamcal losses calculate the 
enthalpy of the exhaust steam. 

7-33 Solve Problem 7-8 for a reheat pressure of 72 psia Why is the the^l 
effiaency slightly higher with the higher reheat pressure? Why not use a very high 


reheat pressure? 

7-34 A steam turbme receives steam at 400 psia and 700 F and ^austs at 1 psia 
It has one extraction at 44 psia for feed water heatmg^Ass^etfiaUhe internal engine 
Ofiicjmcy of the turbine up to point of extraction is 78% and that the effiaency for t 
remSr of^he turbme cycle is 74% Assume the theoretic^ case the «tractoon 
feed watoSl^^ Determme the percentage of tfi® steam entering the turbine 
must be extra beatmg 

7-35 If thes^tn flow to the turbine in Pjtiblem 7-34 is ^ 

mechamcal ioSSSS 1 P®r centof the mput to tb® shaft calculate the shaft horsepower 
of the turbine. ^ 
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7-36. A steam turbine receives steam at 300 psia and 700 F and exhausts at 2 in. 
Hgy^ abs. After expansion to 35 psia, steam is removed from the turbine and reheated 
to 700 F. A sufficient quantity of the 35 psia steam, before being reheated, is used for 
feed-^ater heating. Asstime the theoretical case for both the turbine and the heater. 
Calculate the thermal efficiency of the cycle. 

7-37. In a binary vapor cycle, dry saturated mercury is produced at 1 80 psia. The 
exhaust pressure for the mercury turbine is 2 in. Hg, abs. The condensing mercury 
produces dry saturated steam at the condensing mercury temperature. The steam tur- 
bine exhausts at 2 in. iJg, abs. Determine the thermal efficiency of the theroretical 
cycle, using the follovring properties of mercury: 

P t hf Ih Sf S, 

2 in. Hs 456.4 13.92 140.65 0.0204 0.1587 

180 psia 999.5 31.02 124.29 0.0349 0.1201 

7-38. Repeat Problem 7-37, using an engine efficiency of 75% for each turbine. 
Allow a temperature difference of 26.4 F between the condensing mercury and the boil- 
ing water by reducing the boiling temperature of the water. 

7- 39. A steam turbo-generator receives steam at 400 psia and 700 P and exhausts 
at 1 psia: and 18 per cent of the throttle steam is extracted for feed-water heating at 44 
psia. The turbo-generator produces 20,000 kw when using 228,000 lbs of steam per hour. 
The efficiency of the generator is 97 %. Calculate the brake engine efficiency of the tur- 
bine. 

CHAPTER 8 

8— 1. A steam engine developing 21 1 ihp at 225 rpm has a head-end mep of 96 psi, a 
crank-end mep of 98 psi, a piston rod 2 in. in diameter, a mechanical efficiency of 87%, 
and a single cjdinder the bore of which equals the stroke. Calculate: (a) the torque at 
the shaft coupling and (6) the bore of the cylinder. 

8-2. The engine in Problem 8-1 is supplied with steam at 225 psia and 480 F; and 
exhaust is atmospheric. If the engine efficiency based on ihp is 0.44, calculate: (a) the 
actual thermal efficiency based on bhp, and (6) the total amount of steam consumed, in 
pounds per hour. 

8-3. A steam engine has 8% clearance and is 12'^X18^. At 200 rpm it uses 2882 lb 
of steam per hour. Cut-off occurs at 25 per cent of the stroke, at which point the pres- 
sure is 107 psia. Compression starts 22 per cent before the end of the return stroke at 
a pressure of 16 psia, with the steam dry saturated. Neglecting rod area and leakages, 
and assuming that the same amount of steam is admitted to each side, calculate the 
steam quality at cut-off. 

8-4. If, for the engine in Problem 8-3, release occurs at 90 per cent of the stroke, 
at which point the pressure is 37 psia, calculate the quality at this point. 

8-5. The engine in Problem 8-3 receives steam at 120 psia and of 99% quality and 
has an engine effidency of 0.60. Determine the quality at atmospheric exhaust pres- 
sure, assuming a radiation loss of 2 per cent of available energy. Show on a T-S plane 
how the condition of the steam varies as it passes through the engine. 

8-6. An engine receives dry saturated steam at 150 psia. Cut-off is at 25 per cent 
of the stroke Calculate the work per pound and the thermal effidency, assummg 
isentropic expansion to the end of the stroke and neglecting clearance for the following 
back pressures: 2, 4, 7, 10, 14.7, and 20 psia. Compare with the Rankine Cycle for 
the same conditions. 

8-7, An engine receives dry saturated steam at 150 psia, and exhausts at 14.7 psia. 
Calculate the "work per pound, assuming isentropic expansion to the end of the stroke 
and neglecting clearance, for the following cut-off points an per cent of stroke: 20, 50, 
75, 100%. Determine also the per cent of loss in available energ>^ due to incomplete 
expansion. 
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S-S An engine recening di> saturated steam at 150 psia has the foUowag amounts 
of the steam condensed by initial condensation at the \ anous cut-offs 
% Cut-off % Steam Condensed 

5 54 

10 42 

IS 34 

20 28 

30 21 

40 16 

Keeping in tmnd the results of Problem S-7 discuss v:hat determines the proper cut-o5 
at rated load. Should the per cent at cut-off at rated load be the same for an engine 
which IS to carry part load most of the time as for an engine which is normally to run 
near rated load’ 


8-9 A steam engine is to be designed for 28% cut-off at rated load The engine is 
to carry 750 bhp at 200 ipm The engine is to haie twm cjhnders with a stroke O 
times the bore and a diagram factor of 0 8 Calculate the bore and the stroke neglecting 
the rod diameter if the engine is to receive steam at 160 psia and 450 F and exhaust 
istobeat Idpsia Mechamcaleffiaencj istobe92%, 

8-10 A compound engine leceii es steam at 300 psia and 550 F and e.xhausts at 14 7 
psia The intermediate receiv er pressure is 70 psia The engme efficiency for the high 
pressure c3 Imder is 0 78 and that for the low pressure cj linder is 0 65 The mechanical 
efficiency is 91 %. Calculate the specific steam rate and engme effiaenc} for the whole 
engine, based on the bbp 'Wbj is the engine efficiency fcr the low pressure cylinder 
much lower than that for the high pressure cy Imder’ 

8-11 A simple steam engme when supplied with dry saturated steam at 100 psi 
gage, and exhaustmg at 14 7 psia has the followmg data 

ihp Steam lb per hr Mechanical Eff % 

25 900 72 

SO 1500 85 

7S 2100 88 

lOO 2700 90 

125 3400 91 

ISO 4200 92 

(o) Plot the following curres versus ihp Willans’ line friction fep engine efficiency 
based on ihp and <:peafic steam rate based on ihp 
(5) Why doesn t the steam consumption become zero at zero ihp? 

(c) At what ihp does the bhp equal zero’ 

(<f) Why does Willans hue deviate from a straight hne? 

(e) As the engine is o\ erloaded what happens to the steam rate and to the median 
icai d&aencyV 

8-12 The engme of Problem 8-10 is to be a tnple-ezpansion engine instead of a 
compoimd one The engme effiaency for the high pressure cj Imder then is 79% that 
for the mtennediate-pressure cy Imder is 74% and that for the low pressure cylinder is 
69%. Select the two intermediate recmv er pressures by dividmg the availahle energy of 
the corresponding Rankme Cycle into thr^ equal parts. Then calculate the specffic 
steam rate and the engme effiaency for the whole engine ba'ed on the bbp Finally, 
calculate the ratio of the sum of the mdividuaJ available energies of the three stages to 
the ai’ailable energy of the Rankme Cyde. 

8-13 A poppet valve imiflow smgle-cy Imder steam engine is to dehver 200 bhp 
with cut-off at 20 per cent of its stroke and at 200 rpm It is to receive steam at ISO 
psia and to exhaust at 2 psia The stroke is 1 5 tunes the bore, and the mechanical 
effioenv ^ ^2% Detenmne the bore and the stroke. 

8-14 Detenmne the troque for Problem 8-1 3 
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8-15. A simple D, slide-valve, two-cylinder engine is to produce 400 ihp at 300 rpm 
when exhausting at 20 psia. The engine is 13 in. X 16 in. and has 30% cut-off at rated 
load. Determine the initial pressure. 

8-16. Using u. normal diagram factor, determine the maximum possible brake horse- 
power of a simple D, slide-valve, two-cylinder engine receiving steam at 200 psia and 
exhausting at 20 psia. The engine is 12 in, X16 in. and operates at 300 rpm. The 
mechanical efficiency is 92%. 

A small throttle-governed engine has a no-load steam consumption equal to 
10 per cent of that for rated load (ihp basis). At rated load of 60 ihp, the indicated 
engine ^ciency (R.C.R.) is 48% when receiving dry saturated steam at 120 psia and 
exhausting at 16 psia. Determine: (a) the steam flow for 20 ihp; (b) the indicated 
engine efficiency (R.C.R.) at 20 ihp; (c) the brake thermal efficiency at 20 ihp if the 
mechanical efficiency is 60% at that load. 

8-18. A steam engine receives steam at 20 psia and 400 F and allows it to expand 
until the pressure is 30 psia. Exhaust pressure is 4 psia. Asstune isentropic expan- 
sion and no heat transfer to cylinder walls, and neglect clearance. Calculate the thermal 
efficiency. Compare it with that of the Rankine Cycle. 

8-19. Solve Problem 8-18, for an axhaust pressure of 1 in. Hg^ abs. 

8-20. A steam engine, receiving steam at 200 psia and exhausting at 20 psia, has its 
cut-off at 25 per cent of the stroke. The engine is single cylinder and double acting; and 
when operating at 300 rpm, it produces 65 bhp. Mechanical efficiency is 90%. The 
engine is 10 in. by 15 in. Calculate the diagram factor. 

8-21. A steam engine has an indicated mep of 60 psi on both head and crank ends. 
The engine is 10 in. by 15 in. and operates at 300 rpm. The piston-rod diameter is 2 in. 
Calculate the error caused in calculation of the indicated horsepower by neglecting the 
area of the piston rod. 

8-22. A steam engine has a brake engine efficiency of 50%, when receiving steam at 
200 psia and 400 F and exhausting at 3 psia. If the mechanical efficiency is 92%, calcu- 
late (a) the indicated thermal efficiency and (b) the number of pounds of steam per hour 
for 200 bhp. 

8-23. A throttle-governed steam engine has a steam rate of 400 Ib per ihp at rated 
load of 200 ihp and a mechanical efficiency of 92 % at this load. The no-load steam con- 
sumption is 12 per cent of that at rated load. Determine the steam consumption, in 
pounds per hour, at 60 bhp if the mechanical efficiency at this load is 79%. 

8-24. A steam engine, 20 in. by 24 in., operates at 150 rpm and develops 225 ihp. 
The engine receives steam at 200 psia and exhausts at 16 psia. If the diagram factor is 
80%, calculate the per cent cut-off. 

8- 25. A simple D, slide-valve engine receives steam at 150 psia, dry saturated, and 
exhausts at 16 psia. The cut-off occurs at 30 per cent of the stroke. The engine is 8 in. 
by 12 in. and operates at 360 rpm. If the indicated engine efficiency is 40%, calculate 
the weight of the steam used per hour. 

CHAPTER 9 

9— 1 , Air is moving in a pipe with a velocity of 600 ft per sec. It undergoes isentropic 
expansion between sections 1 and 2. The temperatures at 1 and 2 are, respectively, 
140 F and 100 F. Calculate the velocity at section 2. 

9-2. Solve Problem 9-1 if the velocity at point 1 is 60 ft per sec. 

9—3, The pressure of the air at section 1 in Problem 9—1 is 100 psia. Calculate the 
areas at sections 1 and 2 if the air flow is 20,000 Ib per hr. 

9-4. Calculate the throat and exit areas of an air nozzle to expand from SO psia and 
90 F to atmospheric pressure isentropically, if the fl9w is to be 5000 lb per hr. 
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9-5 Solve Problem 9-4 if the nozzle efficiency is 98% up to the throat and is 95% 
over all 

9-6 The first stage of a steam turbine receives steam at 600 psia and 800 F this 
stage discharges at 400 psia The nozzles have an efficiency of 97% and each nozzle 
must pass 2000 Ib of steam per hour What is the throat area of each nozzle? 

9-7 The turbine in Problem 9-6 is mistakenly supplied with dry saturated steam 
at 600 psia If the nozzle discharge pressure is still 400 psia but the nozzle efficiency is 
only 95 % what will be the flow in pounds per hour, calculated by equilibrium expansion 
conditions? 

9-8 Solve Problem 9-7 for 100% nozzle efficiency by (o) equilibnum flow and 
(5) supersaturated flow 

9-9 Calculate the velocity of sound in the following gases at 32 F and atmosphenc 
pressure air hydrogen nitrogen, hdium oxygen 

9-10 Starting with equation 9-2b prove that acoustic velocity is expressed by 
equation 9-5 

9-1 1 For isentropic expansion compute cross sectional areas for a nozzle to dis 
charge 5 lb of air per second from initial conditions of 300 psia and 1000 P to 30 psia 
taking pressure increments of 30 psi Plot area velocity and specific volume against 
pressure 

9-12 Repeat Problem 9-11 for steam instead of air 
9-13 Compare the acoustic velocities in Problems 9-11 and 9-12 
9-14 Calculate the force exerted by an air jet operating under the conditions of 
Problem 9-11 if the jet discharges into a medium at 30 psi 

9-15 Solve Problem 9-14 if the jet after leavmg the nozzle at 30 psia discharges 
into the atmosphere at 14 7 psia 

9-16 Calculate throat and exit areas for a nozzle to discharge 5000 Ib of steam per 
hour from 250 psia and 460 F to 14 7 psia Neglect fnction to the throat and take 
the over all efficiency as 92 % assume that supersaturation is present but that eqtnhb 
num IS restored by the time the exit is reached 

9-17 Air expands in a nozzle from 100 psia and 140 P to 60 psia If the exit 
temperature is 62 F, what is the nozzle efficiency? 

9-18 A nozzle having a throat area of 0 72 sq m and a mouth area of 1 2 sq in 
receives steam at 200 psia and 600 F and exhausts at 20 psia The over all nozzle 
efficiency is 90% Fnction up to the throat may be neglected (a) Calculate the flow 
m pounds per second (6) Is the mouth area correct? 

9-19 The velocity of steam approaching a row of nozzles is 400 ft per sec The 
nozzles receive the steam at 300 psia and 600 F The back pressure is 180 psia and 
the nozzle efficiency is 92% Determine the total exit area required for a steam flow 
of 112 000 lb per hr 

9-20 (o) A nozzle receives air at 200 psia and 200 F and exhausts at 40 psia The 

throat area is 1 5 sq m Determine the flow m pounds per hour fnction being neglected 
(6) Determine the flow if the initial pressure is changed to 300 psia 
(c) Detemune the flow for an initial pressure of 200 psia and an initial temperature 
of 300 F 

(<0 Explain the reason for the change in flows in parts (b) and (c) 

9-21 A nozzle receives 1 Ib of steam per second of 96% quality at 200 psia The 
exhaust pressure is 120 psia Neglect the effects of fnction and supersaturation 

(o) Calculate the required exit area treating the wet steam as a homogeneous mixture 
(b) Calculate the required exit area assuming the wet steam to be a non homogene- 
ous mixture Find the area required for the 0 96 lb of dry steam and also the area re 
quired for the 0 04 lb of water 
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9-22. Steam at 200 psia and 400 P expands to 1 10 psia. The exit area of the nozzle 
is 2.0 sq in. Neglect the effect of friction. 

(a) Calculate the flow, assuming equilibrium expansion, 

(6) Calculate the flow, assuming supersaturated expansion, 

9-23. (a) Repeat Problem 9-22, using a nozzle efficiency of 97%. (Note: Because 

of the relatively small pressure drop, the effect of friction on specific volume may be 
neglected.) 

(b) How may the effect of friction on specific volume be taken into account? 

9-24. Gases enter a gas turbine at 80 psia and 1200 F, and expand to 50 psia in 

the first row of nozzles. The gas flow is 140,000 lb per hr. Calculate the total required 
nozzle exit area if the nozzle velocity coefficient is 0.98. The gases may be assumed to 
behave like air. No serious error will be caused by treating air as a perfect gas. See 
Chapter 18 for a more accurate treatment. 

9-25. The desired steam velocity at exit of a row of nozzles is 1400 ft per sec. 
The nozzle efficiency is 92%. If the steam leaves the nozzles at 20 psia and 300 P, 
specify the conditions at nozzle entrance. (Hint: This will be a trial-and-error solution 
unless a Mollier diagram or a similar diagram is used.) 

9-26. The desired air velocity at exit of a row of nozzles is 1000 ft per sec. The 
nozzle efficiency is 92%. If the air leaves the nozzles at 16 psia and 140 F, specify the 
conditions at nozzle entrance. 

9-27. The air flow through a nozzle having an exit area of 2 sq in. is 2,9 lb per sec. 
At exit, the air is at 50 psia and 158 P. If the nozzle efficiency is 92%, specify the con- 
ditions at nozzle entrance. 

9-28. The desired exit velocity of a group of steam nozzles is 1400 ft per sec. The 
steam enters the nozzles at 50 psia and 340 F with a velocity of 500 ft per sec. If the 
nozzle efficiency is 94%, specify the conditions at nozzle exit. 

9-29. Dry saturated steam expands isentropically from 10 psia to 6 psia. Deter- 
mine the error caused by using the suggested value of 1.3 for k when solving for the 
specific volume and velocity at exit instead of the true value of k given on page 82 of 
Keenan and Keyes, Thermodynamic Properties of Steam, 

9-30. Gases enter a row of gas-turbine nozzles at 1500 F and 80 psia, and expand 
to SO psia. Determine the error caused in the exit velocity by assuming that the gases 
have a value of ^ of 1.4 and a value of Cp of 0.24 when the true value of k is 1.33 and that 
of Cp is 0.27. 

9-31. Assuming that steam is initially dry saturated at 80 psia and recovery will 
start when the expansion reaches a point where the expected moisture content is 3.5%, 
determine the degree of supersaturation existing just before condensation starts. Assume 
isentropic expansion. 

9-32. A convergent-divergent steam-turbine nozzle is to have an angle of nozzle 
wall divergence (angle between the wall and the axis) of 6®. The nozzle receives steam 
at 400 psia and 700 P, and the steam expands to 85 psia. The steam flow is 4 lb per sec. 
The nozzle efficiency is 93.2%. If the nozzle is round in cross section, determine the 
length of the nozzle between the throat and the mouth. Neglect friction to the throat. 

9-33. A steam-turbine nozzle is tested for efficiency by measuring the reactive 
force of the nozzle as the steam is accelerated in the nozzle from a negligible velocity 
to the exit velocity. Steam enters the nozzle at 120 psia and 500 F and leaves at 40 psia. 
The steam flow is 3.22 lb per sec and the reactive force is 215 lb. Calculate the nozzle 
efficiency, (Hint: F—ma,) 

9-34. A steam-turbine nozzle receives steam at 400 psia and 600 P and has a back 
pressure of 80 psia. The nozzle has a throat area of 0.6 sq in. and a mouth area of 0.7 
sq in. Determine the pressure right at the exit of the nozzle, neglecting the effects of 
friction. (Hint: This is a trial-and-error problem.) 
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9-35 In a gas turbine the gases enter the nozrle at 60 psia and 1400 P and exhaust 
at 16 psia Treating the gases as cold air (t e at room temperatures as far as specific 
heats are concerned) determine the temperature at exit i£ the nozzle velocity coefficient 
IS 96% 

9-36 Dry saturated steam enters a nozzle at 200 psia and expands to 120 psia 
Neglect friction The nozzle exit area is 1 44 sq in Calculate the flow (a) by assum 
mg equilibrium expansion (6) by treating the expansion as supersaturated 

9-37 A nozzle receives steam at 200 psia and 400 F and exhausts at 30 psia The 
steam flow is 8 000 lb per hr Neglect friction to the throat The over all nozzle 
efficiency including the effects of supersaturat on is 92% Determine the throat and 
mouth areas 

9-38 A nozzle receives dry saturated steam at 120 psia and exhausts at 70 psia 
The velocity approaching the nozzle is 400 ft per sec The exit area is 2 0 sq in The 
nozzle efficiency is 97% Neglecting the effects of friction on specific volume calculate 
the rate of steam flow 

9-39 A nozzle delivers 0 8 lb of air per sec and the exit pressure is 20 psia and the 
exit temperature is 140 F The exit area is 1 44 sq m The theoretical exit velocity is 
950 ft per sec Calculate the nozzle efficiency 

9-40 A steam turbine nozzle receives steam at 400 psia and 600 F The back 
pressure is 100 psia The throat area is 1 44 sq in and the mouth area is 1 9 sq m 
Neglect friction to the throat If the over all nozzle efficiency is 90% calculate the flow 
m pounds per second 

CHAPTER 10 


Note Unless otherwise stated the problems are for a simple impulse stage 
lO-l A simple steam turbine having one row of nozzles and one row of blades 
receives steam at 200 psia and 500 F Exhaust pressure is 17 psia The steam flow 
is 6 000 lb per hr The nozzle angle is 16“ The nozzle efficiency is 85% The blades 
are equiangular The blade velocity is 800 ft per sec and the blade velocity coefficient 
IS 0 88 Calculate (a) the actual velocity at the nozzle exit (b) the blade angles 
(c) the blade horsepower (d) the blade efficiency 

10-2 Repeat Problem 10-1 using a blade outlet angle that is 5 deg less than the 
blade inlet angle 

10-3 Steam leaves a row of nozzles with a velocity of 1 600 ft per sec at a 14® angle. 
For equal blade angles calculate (o) the proper blade speed for maximum efficiency 
(6) the proper blade cxtrance angle and (c) the maximum blade work per pound of 
steam (d) What is the axial thrust? 

10-4 The steam flow to the blades of a two row Curtis stage is 82 000 lb per hr 
The steam enters the blades with an absolute velocity of 2600 ft per sec and leaves with 
an absolute velocity of 500 ft per sec If the blade horsepower is 3500 calculate the 
blade reheat per pound of steam 

10 5 For a particular nozzle the nozzle velocity coefficients vary with velocity as 
follows ^ 

Theoretical Velocity Velocity Coefficients 

SOO 0 974 

1000 0 970 

1500 0 965 

2000 0 957 

2500 0 937 

3000 0 915 

3500 0 903 

4000 0 895 
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Calculate and compare the theoretical enthalpy drops necessary, using a blade speed of 
600 ft per sec and a nozzle angle of 12®, for each of the following: (a) Rateau stage; 
(6) two-row Curtis stage; (c) three-row Curtis stage. 

10-6. The blade efficiencies for the stages in Problem 10-5 are as follows: Rateau, 
85%; two-row Curtis stage, 75%; three-row Curtis stage, 67%. Calculate; (a) the 
blade output in Btu per pound of steam and (b) the combined nozzle and blade efficiency 
for each of the three cases. 

10-7. Steam leaves the last row of nozzles of a steam turbine at 1 psia with 87% 
quality and with a velocity of 2000 ft per sec. The steam flow is 500,000 lb per hr. The 
nozzle angle is 20°. There is a full admission (f.c., admission of steam around the entire 
360°). The mean blade diameter is 8.5 ft. The blade velocity coefficient is 0.88, and 
the wheel speed is 1800 rpm. The blade exit angle is 30°. Calculate the blade exit 
height, assuming that the blade passage is completely filled with steam. The mean 
blade pitch is 1.0 in., and the blades at exit have a thickness of 0.03 in. 

10-8. A 1 2 -stage steam turbine receives steam at 300 psia and 700 F, and exhausts at 
1 psia. The average stage efficiency is 74%. Assume a reheat factor of 1.07. The 
steam flow to the turbine is 95,000 lb per hr. Mechanical losses total 65 hp. Calculate: 

(a) the internal horsepower; (b) the shaft horsepower; (c) the engine efficiency based on 
shaft horsepower; (d) the mechanical efficiency. 

Is it reasonable to have an engine efficiency greater than the average stage efficiency? 

10-9, A steam turbine receives steam at 200 psia and 500 F and exhausts at 20 psia. 
The turbine is made up entirely of Rateau stages, all having the same mean diameter. 
The mean blade speed is 500 ft per sec. The nozzle angle is 15° and the nozzle velocity 
coefficient is 0.92. If the proper blade speed is to be used, calculate; (a) the actual 
nozzle exit velocity; (6) the theoretical enthalpy drop per row of nozzles; (c) the theo- 
retical number of stages required if the reheat factor is 1.05. 

Would the required number of stages be changed if the effects of the nozzle angle 
and the nozzle velocity coefficient are neglected? 

10-10. A steam turbine consists of one two-row Curtis stage and two Rateau stages. 
The tttrbine receives steam at 400 psia and 700 F and exhausts at 40 psia. The efficiency 
of the Curtis stage is 60% and that of each Rateau stage is 70%. Assume that all three 
stages have the same blade speeds and that each stage takes its proper proportion of the 
available energy. Calculate the internal work per pound of steam and the proper exit 
pressure from each stage. 

10-1 1 . A reaction turbine has a mean blade speed of 600 ft per sec. The blade out- 
let angles are 20°. Use the proper steam speed for maximum efficiency. Calculate the 
work done per pound of steam. 

10-12. For Problem 10-11, the carry-over efficiency is 52% and the nozzle efficiency 
is 90%. Calculate: (a) the actual enthalpy drop per row due to nozzle action; (b) the 
theoretical enthalpy drop per row due to nozzle action; (c) the combined nozzle and 
blade efficiency. 

10-13. Repeat Problems 10-11 and 10-12 but use a ratio of blade speed to steam 
speed of 0.8. 

10-14. A 50,000-kw steam turbine has the following steam consumption: 


Load, kw 

lb per hr 

10,000 

135,000 

25,000 

275,000 

35.000 

370,000 

40,000 

455,000 

50,000 

625,000 


(a) Plot the Willans* line (lb per hr vs kw). 

(b) Calculate and plot the steam rate, lb per kw-hr vs load. 

(c) What does the steam flow at zero kw represent? 
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10-15 The mean blade speed of a simple steam turbine is 1 000 ft per sec The 
ratio of blade speed to steam speed is 0 395 The nozzle effiaency is 88% The exhaust 
pressure is to be 10 psi gage The maximum allowable moisture m the exhaust is 
The engme efficiency of the turbine based on energy delivered to the shaft is 70% 
Specify the initial steam conditions 

10-16 A steam turbine stage has blades 30 in in length The blades are mounted 
on a wheel having a diameter of 60 in The turbine speed is 1800 rpm Steam leaves 
the nozzles at a 1 6® angle with a veloaty of 2 000 ft per sec Calculate the proper blade 
inlet angle at the blade tip and also the proper angle at the blade root (» e base of the 
blade) 

10-17 A steam turbine receives steam at 400 psia and 700 F The turbine consists 
of two two row Curtis stages each producmg approximately the same work The 
average stage efficiency is 60% The mechanical efficiency of the turbme is 98 5% 
The turbme produces 8600 shaft hp with a steam flow of 122 000 lb per hr Specify the 
exit pressure 

10-18 A 1000 lew steam turbine receives steam at 150 psi gage and 4S0 F and 
exhausts at 5 psi gage Assume standard barometer At the vanous loads the steam 
flows are as follows 

kw lb per hr 

225 9 500 

325 12 000 

475 16 000 

700 22 200 

910 27 600 

Plot the following quantities vs kw 

(a) Pounds of steam per hour 

(6) Steam rate 

(c) Engine efficiency 

(d) Thermal efficiency 

10-19 Steam leaves a row of nozzles with a velocity of 1500 ft per sec The nozzle 
angle is IS® The ratio of blade speed to steam speed (absolute) is 0 4 Blades are 
symmetrical Steam enters the blades without shock (t e the Wade mfet angle equals 
that determined by the diagram) The blade velocity coefficient is 92% Detenmne 
the blade horsepov er for a steam flow of 218 000 lb per hr 

10-20 (a) Determine the total axial thrust for Problem 10-19 

(b) If the number of active blades (t e blades m front of nozzles at any instant) is 
60 determine the steam force exerted on a blade parallel to the blade motion. 

10-21 Steam leaves a row of nozzles with a velocity of 1600 ft per sec With a 
steam flow of 60 000 lb per hr the blade horsepower is 1000 and the increase in enthalpy 
in the blade passages is 5 0 Btu per lb Calculate the aK^oIute velocity at blade exit. 

10-22 Steam enters the first row of a two row Curtis stage with a veloaty of 2600 
ft per sec The nozzle angle is 16“ and the blade speed is 500 ft per sec Make blades 
symmetneal and make all blade inlet angles equal to the theoretical Neglertmg 
frction determine (a) all blade angles (5) the blade work per pound of steam (c) the 
blade efficiency 

10—23 A steam turbine receives steam at 280 psia and 660 F and exhausts at 66 
psia For the particular type of turbine the reheat factor is I 05 and the average stage 
efficiency is 70% Neglecting mechamcal losses calculate (o) the tmbine horsepower 
for a steam flow of 54 000 lb per hr (6) the enthalpy per pound at exhaust 

10-24 A steam turbme is to consist of two Curtis stages each wiffi two rows It is 
to receive steam at 300 psia and 600 F and to exhaust at 40 psia The average stage 
efiBtaency is 60% Determine the reheat factor 
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1 0-‘25. The average nozzle efficiency for the nozzles in Problem 10-24 is 88%. The 
ratio of the blade speed to the steam speed is 0.2. The turbine operates at 3600 rpm 
Determine the mean blade diameter. 

10-26. The steam flow to the blades of a stage of a reaction turbine is 83,000 lb per 
hr . The mean blade diameter of the stage is 3 6 in. and the turbine operates at 3600 rpm. 
The ratio of blade speed to steam speed is 0.75, and the blade outlet angle is 20°. The 
nozzle efficiency is 90% and the carry-over efficiency is 60%. Determine: (a) the blade 
horsepower and (6) the isentropic di'op in the stage per pound. 

IO--27. Steam leaves a row of nozzles with a velocity of 1800 ft per sec. The nozzle 
angle is 16°. Use the proper blade speed for maximum efficiency. Blades are equi- 
angular. Neglect friction. Calculate (a) the blade work per pound; (b) the blade 
efficiency; and (c) the blade angles. 

10-28. Solve Problem 10-27, but use a blade speed of 200 ft per sec lower than that 
in Problem 10-27. 

10-29. Solve Problem 10-27 but use a blade speed of 200 ft per sec higher than that 
in Problem 10-27. 

10—30. (a) Why would a' lower value of blade speed, say that given in Problem 

10-28, be selected for design conditions rather than the higher values as given in Problems 
10-27 and 10-29? 

(6) Solve Problem 10-28, but use a blade exit angle 5 deg less than that in Problem 
10-28. 

10-31. Solve Problem 10-30, but use a blade velocity coefficient of 0.95. 

10-32. Steam enters a simple turbine at 1 18 psia and 400 P and exhausts at 20 psia. 
The nozzle efficiency is 92 % and the nozzle exit angle is 15°. The mean diameter of the 
blades is 30 in. The turbine operates at 3600 rpm. The blade velocity coefficient is 
90%. The blades are equiangular. If the steam flow is 3,000 lb per hr, calculate the 
blade horsepower, 

10-33. Steam enters a row of blades with a relative velocity of 1200 ft per sec and 
without shock. The blade inlet angle is 24° and the outlet angle is 20°. The blade 
speed is 500 ft per sec. The blade velocity coefficient is 0.92. Calcvilate the blade 
efficiency. 

10-34. A row of blades produces 1900 hp with a steam flow of 72,000 lb per hr. 
The blade speed is 700 ft per sec and the nozzle exit angle is 16°. The blades are equi- 
angular. Neglecting friction, calculate the blade efficiency, 

10-35. Steam leaves a row of nozzles at 200 psia and 400 F with a velocity of 1900 
ft per sec. Nozzle exit angle is 15°. Blade speed is 800 ft per sec. Blade velocity 
coefficient is 0.90. Blade exit angle is 5 deg less than the inlet angle. Determine the 
enthalpy at blade exit, and make an energy balance on the blades. 

10-36. The steam in Problem 10-35, after leaving the blades, enters another row of 
nozzles with velocity of 300 ft per sec. What is the enthalpy of the steam at this point? 

10-37. Steam enters the first row of blades of a two-row Curtis stage with a velodty 
of 2600 ft per sec. The nozzle angle is 1 6° and the blade speed is 500 ft per sec. Make all 
blade exit angles 4 deg less than the calculated blade iffiet angle. The blade velocity 
coefficients in the first moving, stationary, and second moving rows of blades are 0.88, 
0.91, and 0.94, respectively. Determine the work per pound and the blade efficiency. 
Compare your answer with that of Problem 10-22. 

10-38. The steam supply in Problem 10-32 is throttled for part-load operation, the 
pressure being reduced to 53 psia. Assuming that the nozzle ^ciency and the blade 
speed do not change, calculate the angle at which the steam strikes the blade. Compare 
with that of Problem 10-32. 

10-39. Steam leaves a row of nozzles at an angle of 14° and with a velocity of 2000 
ft per sec. The blades are 20 in. in length and are mounted on a wheel which has a 
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diameter of 3 ft and operates at 3600 rpm Calculate the proper blade inlet angle at the 
tip and root (base) of the blades. 

10-40 A group of four reaction stages receives steam at ISO psia and 400 F The 
mean blade speed is 400 ft per sec The ratio of blade speed to steam speed is 0 S 
Efficiency due to nozzle action is 90% and the carry-oi er effiaency is 60% The blade 
outlet angles are 20® Determme the pressure at exit of the group (Hint Use the 
Mollier diagram to determme the pressure ) 

10-41 The steam ^ eloaty at exit of the stationary blades of a reaction turbine is 
700 ft per sec The blade velocitj is 550 ft per sec Blade exit angles are 20" The 
efficiency due to nozzle action is 90% and the carry-over effiaency is 55% Calculate 
the combined nozzle and blade effiaency 

10-^2 Steam enters a turbme at 400 psia and 700 F and exhausts at 1 psia The 
reheat factor is 1 06 The average stage effiaency is 74% The steam flow is 65 000 lb 
per hr Mechamcallosses total 120 hp Neglectmg the exit kinetic energy deternnne 
(a) the shaft horsepower and (6) the enthalpy per pound at turbme exit 

10-43 A two stage turbine has each stage made up of two-row Curtis wheels 
The steam leaves the first stage at 100 psia and 460 F The stage reheat of the first 
stage is 46 Btu If the exhaust pressure of the turbme is 20 psia how much of the reheat 
lost m the first stage is recoverable m the second staged The effiaencj of the second 
stage is 70% (Hint Find the work done m the second stage with and without reheat 
in the first stage ) 

10—44 A two stage turbme consists of two two row Curtis stages The turbine 
recaves steam at 400 psia and 700 F and exhausts at 20 psia The mtemal engme 
effiaency of the turbine is 78% The intermediate pressure m the turbme is 100 psia. 
The efficiency of the first stage IS 77% Calculate (a) the effiaency of the second stage 
and (6) the reheat factor 

10—45 The exhaust steam from a turbine is to be used for heating purposes The 
steam is desired at 30 psia dry saturated The steam flow is to be 30000 lb per hr 
The turbine generator is to produce 2000 kw Mechamcal and electrical losses total 1 10 
kw Assume an mtemal engme effiaency of 75% Specify the conditions at turbme 
entrance (Hint Use the MoUier diagram ) 


CHAPTER 11 

1 1—1 An aif compressor recaves 400 cu ft of free air per minute and discharges it 
at 147 0 psia If the value of n for the compression line is 1 33 and clearance is to be 
neglected calculate (o) the volume discharged m cu ft per min (t) the temperature 
of the air leavmg the compressor (c) the theoretical horsepower required (d) the heat 
removed by the jacket water per minute. 

11-2 An air compressor has a piston displacement of 1 2 co it 'The clearance is 
5% Atmosphorc pressure is 14 2 psia the discharge pressure is 120 psi gage and n is 
1 34 There is a pressure drop of 0 5 psi through the suction valves and a pressure drop 
of 2 8 psi through, the discharge valves Calculate (a) the partial volume of the 
expanded clearance air at the end of suction (5) the volume of mcoming air under cylm 
der conditions (c) the volumetric effiaency (theoretical) 

113 A two cylmder double acting compressor lO m X12 m runs at 400 rpffl 
Clearance is 4% Atmosphenc pressure is 14 0 psia and » is 1 35 The pressure drops 
through the suction and discharge valves are 0 6 psi and 3 0 pa respectively The 
discharge pressure is 135 psi gage Calculate the theoretical volumetric effiaency 
11-4 Calculate the theoretical horsepower required m Problem 11 3 
11—5 An air compressor receiies air at 14 5 psia and discharges it at 145 psia- 
Clearance is 3 % and n is 1 33 Neglect drops through the valves 
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(c) Calculate the theoretical volumetric efficiency. 

(6) Calculate the efficiency for a clearance of 8%. 

(c) Calculate the efficiency for a clearance of 3% and a discharge pressure of 72.5 
psia. 

11-6. If the compressor in Problem 1 1-1 has clearance of 4%, calculate the piston 
displacement required per minute. 

1 1—7 . A compound compressor receives 400 cu ft ot free air per minute and discharges 
it at 147 psia. Assume that n is 1 .33 for both stages, take the proper intercooler pres- 
sure, and assume perfect intercooling. Calculate the following: 

(c) the volume leaving the low-pressure cylinder, in cu ft per min; 

(6} the volume entering the high-pressure cylinder, in cu ft per min; 

(c) the volume lea\Tng high-pressure cylinder, in cu f t per min; 

(d) heat removed from each cylinder by the jacket water, in Btu per min; 

(e) heat removed in the intercooler, in Btu per min; 

(f) total theoretical horsepower; 

(g) savings due to the use of jackets (compare the total horseijower with that required 
for isentropic compression with an intercooler in use) ; 

(h) savings due to the use of the intercooler (compare the total horsepower with that 
required for a single-stage jacketed compressor). 

11-S. An air compressor requires 72 ihp when recei\'ing 500 cu ft of free air per 
minute delivering it at 60 psi gage. Calculate the isothermal compression efficiency. 

tl-9. The mechanical efficiency for the compressor in Problem 11— S is 88%. 
Calculate the isothermal compressor efficiency. 

11-10. A compressor is to be driven by a 50-hp motor. It receives air at 14.0 psia 
and delivers it at 90 psia. The isothermal compressor efficiency is 70%. Calculate the 
maximum amount of free air that can be compressed per minute. 

11—11. The air Sow from a compressor is 220 cu ft per min, measured at 110 psia 
and 250 F, The atmospheric pressure is 14.5 psia. Free air is at 70 F. The dis- 
charge pressure from the compressor is 1 15 psia. The isothermal compr^or efficiency 
is 68%. Calculate the horsepower required. 

11-12. A double-acting, two-stage air compressor, 10 in. X 12 in., is to deliver air at 
200 psia. Neglecting drops through valves, calculate the diameter of the high-pressure 
cyHnder, if the stroke there is also 12 in. Neglect the rod diameter. Assume perfect 
intercooling and optimum intercooler pressure. 

11-13. A single-cylinder, double-acting air compressor is to be designed to deliver 
300 cu ft of free air per minute at 70 psia. The bore is 80 per cent of the stroke. The 
speed is 300 rpm. Pressure drops through the suction and discharge valves are 0.5 and 
2.0 psi, respectively. The clearance is 5 %, and k is 1 .35. To take care of leakages, make 
the compressor 7 per cent larger than otherwise required. The mechanical efficiency 
is 90%, and the isothermal conq)ression efficiency is /5% (based on oiiistde pressures). 
Calculate the bore, stroke, and shaft horsepower. 

11-14. A centrifugal compressor receives air at the atmospheric pressure of 13.8 
psia and SO F, and delivers it at 40 psia. The adiabatic compression efficiency is 82% 
and the mechanical efficiency is 98%. The compressor handles 20,000 cu ft ot free air 
per minute. Calculate the shaft horsepower required. 

11-15. Determine the exit temperature from the compressor in Problem 11-14. 
Assume that the compression is adiabatic but not isentropic. The mechanical losses do 
not build up the air temperature. 

11-1 6. A gas-turbine unit bums 1 200 lb of fuel per hour and uses 60 lb of air per Ib 
of fuel. The compressor of the unit receives air at 14.2 psia and 80 F.^ T^ 
ratio in the compressor is 5 to 1. The adiabatic compression efficiency is 8o% and the 
oiechanical efficiency is 98%, Calculate the compressor shaft horsepower. 
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11-17. A three stage air compressor receives air at 1 4 6 psia and discharges it at 900 
psia Assume that the value of « is 1 34 The isothermal compressor eflSctency is 
68 % The compressor handles 200 cu ft of free air per minute Calculate the minimum 
shaft horsepower 

11-18 A four stage, single acting compressor is to deliver air at 3000 psi gage The 
lowest pressure cylinder has a piston 3 in in diameter All cylinders have the same 
length of stroke Neglecting clearance, leakages and pressure drops and a filmin g 
optimum conditions of intercoolmg, calculate the diameter of each of the cylinders 
11-19 A two cylinder, double acting air compressor, 12 in X 18 in has a volumetric 
efficiency of 80% at 200 rpm It has an isothermal compression efficiency of 75% and a 
mechanical efficiency of 92 % Atmosphenc pressure is 14 psia and delivery pressure is 
84 psia Determine (a) the number of cubic feet of free air delivered per mmute 
and (5) the shaft horsepower 

11-20 A compressor, 12 in Xl8 m , has a clearance volume of 4% The suction 
pressure m the compressor is 14 psia and the discharge pressure is 84 psia Air delivery 
IS controlled by the use of clearance pockets Using a value 1 35 for «, determine the 
volume of clearance pockets, per side, to give zero delivery of air 

11-21 A Roots type compressor is to deliver 10 000 cfm of free air It receives air 
at 14 psia and discharges at 20 psia Determine the theoretical horsepower, and com- 
pare it with the isentropic horsepower 

11-22 A centrifugal compressor receives air at 14 2 psia and 75 F, and discharges 
it at 32 psia and 250 F For a flow of 14 000 cfm, the shaft horsepower is 1006 Deter- 
mme (a) the adiabatic compression efficiency and (i) the mechanical losses in horse- 
power 

11—23 Air enters a single stage reciprocating compressor at 14 0 psia and 72 P, 
and leaves at 82 psia and 400 F Is the compression adiabatic, or is heat added to or 
removed from the air? Give a reason for your answer 

11—24 Air enters a single stage reciprocating compressor at 14 2 psia and 68 P, 
and leaves at 78 psia With an air flow of 36 lb per mm the shaft horsepower is 52 
and the mechanical efficiency is 86% The jacket water picks up 150 Btu per rmn 
Determine either the actual temperature of the air leaving or the maximum air tempera- 
ture leaving, specifying which temperature you have determined 

11-25 An air compressor has a piston displacement of 1 unit of volume The 
clearance is 3 5% At start of expansion the clearance air is at a pressure of 105 psia 
At the end of suction the cylinder air is at a pressure of 13 8 psia Atmosphenc pressure 
IS 14 2 psia Compression obeys the law C Assume that expansion of the 

clearance air also obeys this law Neglect heating dunng suction Calculate 
(a) Volume of expanded clearance air 
(ft) Volume of air drawn in at cylmder conditions 
(x) Volume of air drawn jn at outside conditions 
(d) Maximum volumetnc effiaency 

11-26 An air compressor has 4% clearance Air enters the compressor (not the 
cvlioder) at 14 5 psia and leaves the compressor (not the cylinder) at 90 ps.a Thwe is a 
pressure drop of 0 5 psi through the suction valves and a drop of 2 5 pst through the ms- 
charge valves Compression obeys the law p F* “ = C Calculate the theoretical volu- 
metnc efficiency 

11-27 An air compressor without clearance receives air at 14 4 psia and dehvere it 
at 70 psia Neglect drops through valves The compression obeys the law PF L 
The piston displacement is 1 0 cu ft Calculate the work of each of the three j^ocesses 
and the net work Compare the net work with the approximate value obtained by using 

(PiFi-PiFi) 

» — 1 
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11-2S. Solve Problem 11-27 for 4% clearance, What values must be used as 
and T 1 to obtain the work by use of a cj'cle work equation equal to the work of the four 
processes? 

11-29, Calculate the net work for Problem 11-27 if the compression is: (a) iso- 
thermal; (6) isentropic, 

11-30. (a) Calculate the heat removed from the air in the compressor of Problem 

1 1-27 and also for an isothermal compression by assuming that all the heat is removed 
during the compression process (non-fiow). 

(i») Solve the problem by using the steady-flow concept to find the heat removed, 

11-31. A natural-gas compressor with eight cylinders, double-acting, 18 in. by 24 
in., operates at 240 rpm. It receives the gas at 500 psia and 100 F and has a volumetric 
eSdency of 80%. Determine the number of cubic feet of gas at 14.7 pda and 60 F 
which is handled per minute by the compressor. 

11—32. A double-acting, single-cylinder compressor is 10 in. by 12 in. and operates 
at 360 rpm. It receives air at 14.4 pda and 70 F and discharges at 90 pda. Clearance 
is 3 Compresdon obej^ the law P = C. The pressure drops through the suction 
and discharge valves are 0.5 psi and 2.0 pd, respectively. Because of leakages, the 
compressor delivers only 96 per cent of what it could without leakage. Calculate the 
volume of free air handled per minute. 

11—33. A given compressor is now in use. It is proposed to increase its output by 
installing a new motor which will be belted to the compressor and will increase the com- 
Xiressor speed. The motor available is a 75-hp one. The desired amotmt of air to be 
handled is 450 cftn of free air (at 14.0 pda and 80 F). The discharge pressure is 95 pda. 
Assume an isothermal compression eSciency of 75% and a mechanical eSciency of 92%. 
Will the 75-hp motor be of ample size? 

11-34. A two-stage air compressor handles 500 cfm of air at 14.5 pda and 60 F. 
Discharge pressure is 140 psia. Assuming a value of tj of 1.35, calculate the theoretical 
power required for (c) proper intercooler pressure; (6) an intercooler pressure of 35 psia; 
(c) an intercooler pressure of 65 pda. 

1 1—35. A two-stage air compressor receives air at 14.5 pda and dischaiges it at 140 
psia. The length of the stroke is the same for the two cylinders. The diameter of the 
low-pressure cylinder is 15 in., and the diameter of the high-pressiire cylinder is 9 in. 
Neglecting pressure drops through valves and assuming perfect intercooling, determine 
the intercooler pressure. 

11-36. A centrifugal compressor handles 12,000 cfm of free air (at 14.2 pda and 
75 F). The shaft horsepower is 1,400 and the mechanical losses total 30 hp. Calculate 
the air temperature at exit. 

11-37. Determine the adiabatic compression efficiency for Problem 11-36 if the 
discharge pressure is 44 psia. 

11-38. The shaft horsepower of an axial-flow compressor is 2300 when receirag 
16,500 rfm of air at 14 pda and 75 F and discharging at 56 pda. If the temperature of 
the air leaving the compressor is 418 F, how much heat is lost from the compressor per 
minute? Is this heat lost from the air itself? 

11-39. (a) Determine the adiabatic compression efficiency in Problem 11-38. 

State the assumption necessary. 

(6) Find the mechanical efficiency in Problem 11—38. 

11-40. (a) Make a plot of the isentropic compressor work per pound of air against 

the ratio of discharge pressure to suction pressure. Carry the plot up to a pressure ratio 
of 20 to 1. Initial conditions are 14.7 pda and 80 F. 

(6) Make a plot for initial conditions at 1 pda and 80 F. 
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CHAPTER 12 

12-1 Determine the coefiRcient of performance of a refrigerating machine of 5 tons 
capacity which requires 4 hp for its operation 

12—2 If the machine m Problem 12-1 were to be used as a heat pump for heatmg 
purposes what would be considered its c p ? 

12-3 How many tons of ice can be made in 24 hours by a 10 ton refrigerating 
machine if the ice is cooled to 14 F and was made from water which was supphed at S4 F? 
The specific heat of ice is 0 50 

1 2-4 An air refrigerating machine operating betw een pressures of 1 4 7 and 147 psia 
IS to have a capacity of 4 tons The low pressure air enters the compressor at 24 F, 
and the high pressure air enters the expander at 64 F Compression and expansion are 
isentropic Calculate the net horsepower required the c p and the piston displace- 
ment required per minute for both compressor and expander 

12-S Repeat Problem 12-4 changing the operating pressures to 50 and 300 psia 
12-6 In a theoretical Freon F-12 compression system having isentropic com 
pression the condenser pressure is 100 psia and the evaporator pressure is 38 58 psia 
For dry compression calculate (a) the weight of refrigerant circulated per mmute 
for 5 tons (6) the horsepower and c p (c) the piston displacement per mmute 
12-7 Repeat Problem 12-6 usmg wet compression. 

12-8 In a Freon compression system the evaporator pressure is 28 psia and the 
condenser pressure is 140 psia Freon leaves the evaporator at 20 F and leaves the con 
denser at 78 F It enters the compressor at 30 F and enters the expansion valve at 76 F 
There is a drop in temperature of 10 deg between tbe compressor and the condenser 
Neglect pressure drop through the valves and assume isentropic compression Calcu 
late the horsepower required for 20 tons 

12-9 For the conditions in Problem 12-8 mate a r-.S diagram to scale 
12-10 Mate an energy balance for Problem 12-8 

12-11 Freon enters an expansion valve at 68 F leaves the evaporator at 20 psia 
and 20 F and enters the compressor at 30 F The volumetric efEciencv of the com 
pressor IS 80% The compressor is single actmg and has four cylinders each 10 m X12 
m Calculate the tonnage with a compressor speed of 300 rpm 

12 12 Repeat Problem 12-11 using evaporator pressures of (a) 8 and (5) 28 psia 
with respective volumetnc efficiencies of 78% and 82% 

12-13 Repeat Problem 12-11, usmg Lquid temperatures of 50 F and 80 F at the 
expansion valve entrance. 

12-14 Repeat Problem 12-1 1 assuming that the fluid leaves the evaporator at 0 P 
and enters the compressor at 10 F 

12-15 Given the following data for a Freon refngeratmg machine 
Water flow through condenser =420 lb per mm 
Temperature nse of condensing water =14 F 
Freon data are as follows 

Temperature entermg expansion valve =64 F 
Temperature m evaporator coils =7 7 F 
Temperature entenng compressor =20 F 
Temperature leavmg compressor -150 P 
Temperature entermg condenser = 140 F 
Saturation temperature m condenser=132 1 F 
Temperature leavmg condenser = 66 F 

Freon leaves the evaporator dry saturated The compressor cylmders have fins 
which help to dissipate heat to the atmosphere assume that this heat transfer is 10 per 
cent of the input work 
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Determine the pressures in the evaporator and the condenser from the temperatures. 
As the pressure drops through the compressor valves are unknown, the compression line 
on the T-S plane is also uncertain. Estimate the horsepower per ton, assuming that 
there is no external “radiation” from the condenser. 

12-1 6. Compare the cost per hour of heating a house by the conventional oil-burning 
heating S 3 .'Stem, with that of heating b}" a Freon heat pump imder each of the following 
sets of conditions: (a) When the outdoor temperature is 10 F, the house requires 
60,000 Btu per hr; for this condition, use an evaporator pressure of 20 psia. (b) When 
the outdoor temperature is 48 F, the house requires 20,000 Btu per hr; for this con- 
dition, use an evaporator pressiire of 52 psia. In each case, assume that the condenser 
pressure is to be 200 psia, the isentropic compressor efficiency is to be 80%, and electricity 
costs 1 1 cents per kwhr. The electric motor has an efficiency of 92%. The Oh-burning 
conventional heating plant has an efficiency of 75%, fuel oil costs 11 cents per gal, and 
the heating value of the oil is 140,000 Btu per gal. 

12—17. (a) Refrigeration is desired at 30 F. The refrigerating machine can reject 

heat at 60 F. Determine the maximum possible c.p, 

(b) Determine the maximum c.p. if refrigeration is desired at —200 F and heat is to 
be rejected at 100 F. 

1 2-1 8. A refrigerating machine has a condenser pressure of 1 00 psia and an evapora- 
tor pressiire of 20 psia. The refrigerant is Freon, F-12. Freon enters the compressor 
at 20 F and enters the expansion valve at 80 F. The compressor has a volumetric 
effidencj’' of 75% and an adiabatic compression efficiency of 72%. The piston displace- 
ment is 200 cftCL N^lect line losses. Determine: (a) the weight of refrigerant 
circulated per minute; (&) the refrigeration per pound of refrigerant; (c) the tons of 
refrigeration; (d) the theoretical and actual work per pound; (e) the horsepower (actual); 
(/) the c.p. (actual). 

12-19. Freon, F— 12, enters a condenser at 100 psia and 150 F, and leaves at 68 F. 
It enters the e.xpansion valve at 70 F and leaves the evaporator at 20 psia and 30 F. 
Owing to heat leakage into the evaporator, the net tonnage is 95 per cent of that produced 
b 3 ’ the Freon. Water circulates through the condenser at the rate of 1075 lb per min, 
and the temperature is increased by 9.5 deg F. The heat picked up hy the water in the 
condenser is 98 per cent of that given up by the Freon. Calculate the net tonnage of 
refrigeration. 

12-20. Determine the tonnage of refrigeration which rmy be produced per 100 
shaft horsepower for the following conditions; Freon, F-12, enters the expansion valve 
at 74 F, leaves the evaporator at 20 psia and 20 F, and enters the compressor at 20 psia 
and 30 F, The compressor discharge pressure is 100 psia. Assume a mechanical effi- 
ciency of 92% and an adiabatic compression efficiency' of 78%. 

12-21, A water-vapor refrigerating system is to produce water at 45 F. Warm 
water enters the evaporator at 60 F, and vapor leaves the evaporator with a quality 
of 98%. The compressor has an adiabatic compression efficiency of 78% and a mecha- 
nical efficiency of 98%. It is desired to pro\dde 1500 lb per min of chilled water. The 
condenser pressure is 1 psia. 

(а) By making an energy balance on the evaporator, compute the niimber of pounds 
of vapor produced per minute. 

(б) Determine the theoretical compressor work per pound of vapor. 

(c) Compute the compressor shaft horsepower. 

(d) Find the c,p. 

12-22. (a) Assume that in Problem 12-1 6 (a) heat is picked up from the groimd 

instead of from the air, permitting an evaporator pressure of 44 psia. At the same time 
the condenser pressure is reduced to 140 psia. Compute the cost of heating the house 
by a Freon heat pump. 

(5) Why should a condenser pressure of 200 psia be used in Problem 12—16? 
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12-23 Refngeration is desired at 0 P Heat may be rejected at 100 P Calculate 
the mimmiim horsepower required to produce 50 tons of refrigeration 

12-24 A heat pump receives heat at 30 P and delivers it at 120 F If the heat pump 
IS to dehver 100 000 Btu per hr calculate the minimum horsepower required 

12-25 A heat pump is operated by an electric motor The input to the motor is 
5 kw The motor efficiency is 80% For conditions of operation the c p of the unit 
as a refrigerator based on shaft horsepower is 4 0 The heat pump is located m the 
building it IS to heat Calculate the total heat added to the building per hour as a result 
of operation of the heat pump 

12-26 A refrigerating machme is to produce 100 tons Freon P-12 enters the 
expansion valve at 100 psia and 76 F leaves the evaporator at 16 psia and 0 F and enters 
the compressor at 16 psia and lOF The volumetnc efficiency of the compressor is 80% 
Calculate the piston displacement required per minute 

12-27 The shaft horsepower of a small refrigerating machme is 2 3 Freon F-12 
enters the compressor at 20 psia and 10 F and leaves at 100 psia and 150 F If the flow 
of refrigerant is 4 85 lb per hr calculate (a) the heat lost from compression per hour and 
(t) the compressor efficiency 

12-28 Freon F-12 enters an expansion valve at 78 F and leaves the evaporator at 
28 psia and 20 F The net tonnage desired is 25 Heat leakage into the evaporator is 
4 per cent of the gross tonnage The c p of the unit based on the gross tonnage is 4 2 
Cdculate the horsepower required 

12-29 Freon, F-1 2 enters a compressor at 2 8 psia and 30 P and enters the expansion 
valve at 76 F The rate of flow of F-12 is 80 lb per min The horsepower input to the 
compressor is 38 Heat lost from the compressor equals 12 per cent of the work mput 
Neglecting hne losses calculate the heat removed m the condenser per hour 

12 30 A liquid heat exchanger is placed in a Freon F-1 2 system producing 50 
tons of refngeration This heat exchanger uses the vapor from the evaporator to cool 
the liquid The F 12 leaves the condenser at 80 F and leaves the evaporator at 20 
psia and OF In the heat exchanger the vapor is heated to a temperature of 60 F 
Neglect line losses Calculate the required amount of refngerant in pounds per minute 
with and without the heat exchanger 

12-31 The compressor in Problem 12-30 discharges at 100 psia If the compres 
s on IS isentropic determine the horsepower required with and without the use of the heat 
exchanger 

12 32 A theoretical F-12 system operates wuth an evaporator pressure of 28 psia 
and a condenser pressure of 140 psia Assume no subcoolmg in the condenser and take 
the vapor as dry saturated when leaving the evaporator Assume that an expanding 
cylinder (isentropic expansion) replaces the expansion valve Calculate the net mput 
horsepower for 10 tons of refngeration with and without the expansion cyl nder 

1 2-33 Assume that the value of w for the compression process m a F-1 2 refrigerating 
compressor is 1 06 Clearance volume is 4% The piston displacement is 100 cfm 
For a constant discharge pressure of 100 psia calculate the number of cubic feet of Freon 
handled per minute for evaporator pressures of 8 20 and 44 psia neglecting leakage 
See Chapter 11 for discussion of volumetnc effiaency of compressors. 

12 34 Determine the weight flowing for each evaporator pressure in Problem 12-33 
if the vapor leaving the evaporator is dry saturated 

12-35 A water vapor refngeration system is to deliver chilled water at 48 F when 
supplied with 2000 lb of water per minute at 60 F Vapor leaves the evaporator dry 
saturated Calculate the number of cubic feet of vapor leaving the evaporator per 
minute (Hint Make an energy balance around the evaporator and find the weight 
of vapor produced per mmute ) 
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12-3 6, A theoretical Freon, F--12, compression system has vapor going to the com- 
pressor at 19.2 psia with 99,02% quality. Discharge pressure is 140 psia. The Freon 
enters the expansion valve at 76 F. For 20 tons, calculate (c) the number of pounds of 
Freon per minute; {b) the horsepower. 

12-37. A F-12 refrigerating machine has an evaporator pressure of 20 psia. The 
condenser pressure is 100 psia. Assume that there is no subcooling and that dry satu- 
rated vapor leaves the evaporator. The tonnage produced is 50. Owing to an increase 
in cooling- water temperature, the condenser pressure increases to 140 psia. Calculate 
the increase in isentropic horsepower caused by this increase in water temperature. 
(Note: It is assumed that the compressor speed may be increased to produce the 
desired 50 tons vdth the higher condenser pressure.) 

12-38. Freon, F-12, enters a compressor at 16 psia and — 10 F. Discharge pres- 
sure is 140 psia. Isentropic compression efficiency is 84%. Mechanical efficiency is 
92%. The rate of flow of Freon is 80 lb per min. The heat lost from the compressor is 
8 per cent of the shaft input. Calciilate (c) the shaft horsepower; (fc) the temperature 
of the Freon at the compressor exit. 

12-39. Freon, F-12, enters a compressor at 20 psia and 10 F and leaves at 140 psia 
and 160 F. The mechanical efficiency of the compressor is 93%. The shaft hp is 44. 
For a flow of Freon of 90 lb per min, calculate (a) the heat lost from the compressor per 
minute; (6) the isentropic compressor efficiency. 

12-40. Freon, F-12, leaves a condenser at 84 F and 110 psia. The liquid line is 
long, having many fittings. In addition, the elevation of the expansion valve is greater 
than that of the condenser. These total effects cause a pressure drop between the con- 
denser and the expansion valve of 1 7 psi. If there is no gain or loss of heat in the line, 
specify the quality entering the expansion valve. 

12—41. How much heat must be removed per pound of Freon, and to what tem- 
perature must the Freon be cooled, to prevent any formation of vapor before the expan- 
sion valve of Problem 12-40 is reached? 

12-42. Solve Problem 12-6, using an evaporating temperature of —155 F. 

12-43. A refrigerating machine is to maintain the temperature of a cold room at 
—20 F when the total heat flow into the cold room is 40,000 Btu per hr. Allow a tem- 
perature difference of 10 deg to cause heat flow into the evaporator. Dry saturated 
vapor leaves the evaporator. Cooling- water temperature is 70 F, Allow a temperature 
difference of 10.9 deg to cause heat flow from the condenser. Liquid Freon leaves the 
condenser at 76 F. Compression efficiency is 80%; mechanical efficiency is 93%; and 
volumetric efficiency is 76%. Calculate [a) the shaft horsepower and (5) the piston 
displacement of the compressor. 

12-44. A refrigerating machine is to chill brine from 20 F to 10 F. The brine is 
sodium chloride and has a specific heat of 0.8. The refrigerating machine produces a 
gross tonage of 20. Heat leakage into the evaporator of the machine is 5 per cent of the 
gross refrigeration. If the refrigerating machine operates 60 per cent of the time, calcu- 
late the weight of brine cooled per day of 24 hours. 

12-45. A heat pump picks up 600 Btu per min in its evaporator. Liquid F-12 
enters the expansion valve at 74 F. The F-1 2 leaves the evaporator at 44 psia and 40 F. 
The work input to the compressor is 1 5 Btu per Ib, with the heat lost from the comprepor 
being 10 per cent of the work input. Neglect line losses and calculate the following: 

(а) Enthalpy per pound at compressor exit. 

(б) Heat given up in the condenser, Btu per minute. 

(c) Compressor horsepower. 



444 


ENGrVEERTNG THERilODTVAillCS 


CHAPTER 13 


13-1 A caxburetted vrater gas has the following constituents by volume Hu 
40% CO, 19% CH, 25%, CiH^& 5% 0- 0 5% COt 3% A, 4%. Contert thistoa 
weight basis. 

13-2 A hj drocarbon fuel contains the following mivture by weight //» 8% 
CO, 43%, CHi, 5%}t CiHi, 7% COi 14%, At, 23%. Cont ert this to a volume basis. 


13-3 VTnte the complete combustion equation for each of the following fuels with 
theoretical air and determine the number of mols of air per mol of fuel and the nunber 
of pounds of air per pound of fud (o) Hj (t) CO, (c) C, (d) CHt, (e) C|H«, (/) CJI,0. 
(g) CH4O, (A) a//, 

13-1 Solve Problem 13-3 for 25 per cent of excess air 

13-5 Calculate the number of mols of products of combustion per mol of fud 
resultmg in each case m Problem 13—3 and determine also the number of pounds of prod 
ucts per pound of fud 


13-6 Repeat Problem 13-5 for the conditions in Problem 13—4 
13-7 The carburetted water gas in Problem 13 1 is burned with 10 per cent of 
excess air Calculate («) the volume of air supplied per cubic foot of fuel (5) the 
volume of products at 1 i 0 psia and 500 F per mol of fud and (c) the volumetric analysis 
of the dry products of combustion. 


13-S An automobile engine bums gasoline unth a carbureter* set <0 that IS 

lb of air are supplied per pound of gasolme Calculate (o) the per cent of excess air 
and (6) the cpecific volume of the products of combustion m the exhaust hne at IS psia 
and 1000 F 

13-9 A diesel engine operating at light load on fud oil Cn/7» tates in 50 Ib of air 
oer pound of fuel Calculate (a) the per cent of excess air and (A) the specific volume 
of the exhaust gases at 15 psia and 500 F 


13-10 Octane is burned with 95 per cent of theoretical air Assuming that the 
bj’drogen is compIetd> burned calculate the Orsat analj-sis. 


13—1 1 Using the higher heating values at constant pressure of octane and of carbon 
monoxide from Table 13-1 calculate the percentage loss due to incomplete combustion 
for the conditions in Problem 13-10 


13—12 Calculate the lower heating value at constant pressure of each of the follow 
mg gases at 77 F (a) h>-drogen (6) carbon monoxide. Express the results m Btu per 
cu ft. 

13-13 A gasoline engme hasa specific fuel consumptionof 0 55Ibof Ctffijperhp-hr 
I>etermme its thermal efficiency using (a) the higher heating value of the fud and 
(b) the lower heating value. The engme receix es the fud as a hquid. 

13-14 An Orsat analvsis taken on a ste.xm boiler plant gave the following results 
COt 13% Ot 6% CO 0 5% and 80 5%, For each pound of coal fired J lb of 
carbon was burned. Determine the air-fud ratio b> weight 

13-15 For the conditions in Problem 13-14 determine the weight of dry flue gases 
per poimd of coal 

13-16 A quantity of blast furnace gas is found to indude 10 4 mols of lit 53 6 mol» 
of CO 3 2 mols of CIl, 0 4 mols of O, 16 4 mols of CO- and 116 mols of A. What is 
its analysis in per cents by xveight^ 

1 3-17 An Orsat analysis taken on the products of combustioR resulting from, bum 

mg the carburetted water gas of Problem 13-1 gax e the followmg results COt 11 3 
Ot 3 7% Nt the reminder Determine the x-olume of air supplied per cubic foot of 
fuel and the per cent of excess air 
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13-18. The carburetted water gas of Problem 13-1 is reported to have a lovrer 
heatmg value at constant pressure of 528 Btu per cu ft at 62 F. Calculate its higher 
heating value under these conditions. 

How many Btu per cubic foot would have been indicated for the gas in 
Problem 13—18 by a c^orimeter which condensed 0.03 lb of water vapor per cubic foot 
of fuel? 

13—20. From the \’alues given in Table 13-1, calculate the higher heating values of 
liquid octane and of liqiiid dodecane on the basis of Btu per gallon, if the octane repre- 
sents gasoline with a specific gravity of 0.68 and the dodecane represents fuel oil with a 
specific gravity of 0.82. 

13-21 . A gaseous mixture consists of 8 lb of 88 Ib of COs, 14 lb of Ns, 48 lb of Os, 
and 56 lb of CO, Determine the volume of this mixture at 20 psia and 160 F. 

13-22. The following gases are forced into a cylinder: 20 cu ft of O 2 at IS psia and 
90 F; 30 cu ft of Ns at 16 psia and 110 F; 28 cu ft of CO 2 at 18 psia and 75 F; and 60 cu 
ft of HzO at 1 .2 psia and 1 20 F. After a period of time the pressure in the cylinder is 
found to be 32 psia and the temperature is 150 F. Determine the gas density in the 
cylinder. 

13—23. A particular t^'pe of diesel engine requires 35 per cent of excess air at full 
load. The fuel contains 84% C and 14% (the rest is inert). Air is supplied at 14.4 
psia and 85 F. Determine the number of cfm of air required for a 1200-hp diesel engine 
using 0.4 lb of fuel per bp-hr. 

13—24. (a) Assuming complete combustion, determine the Orsat anal 5 rsis for Prob- 

lem 13-23. 

(&) If the exhaust gases are at 15 psia and 600 F, determine the number of cfm 
produced. 

13-25. A coal contains 84% C, 5% Hs, and 6% Os (the rest is inert). When 7200 
lb of coal are burned per hour, the Omat analysis shows: COs, 12.8%; Os, 6.4%; CO, 
0.4%. If air is supplied at 14.4 psia and 90 F, determine: (a) the per cent of excess air 
and (6) the mnnber of cfm of air. 

13-26. A blast-furnace gas has the following composition: CHa, 1 %; CO, 27%; Hs, 
2%; Ns, 58%; and COs, 12%. Determine the number of cubic feet of air required per 
cubic foot of fuel. 

13—27. Determine the higher heating value of the gas in Problem 13—26, in Btu 
per cubic foot at 14.7 psia and 77 F. 

13-28. When C$Hn is burned with 20 per cent of exc^ air, to what temperature 
can the products of combustion be cooled before condensation starts? Assiime dry air 
at the start. 

13-29. If CsHis is burned with 20 per cent of excess air, to what temperature must 
the products of combustion be cooled in order to condense 1 lb of water vapor per 
pound of Cs^is. Assume dr>^ air at the start. 

13-30. Gaseous CsHa is burned at constant pressure, and the products are cooled 
to the original temperature of 77 F without condensation of water vapor. 

(а) Determine the difference, in cubic feet per mol of fuel, between the volume of the 
products and the volume of the air-fuel mixture. 

(б) Calculate the work done on the atmosphere, in Btu per mol of fuel. 

(c) Which is larger, the lower heating value at constant pressure or the lower heating 
value at constant volume? 

(d) Calculate the lower heating values at constant pressure and constant volume. 

13—31. Carbon dioxide is flowing in a line at the rate of 20 lb per nun at 30 psia and 
140 F. Nitrogen is flowing in a second line at the rate of 10 Ib per min at 50 psia and 
180 F. The two lines come together, the carbon dioxide and nitrogen mixing at 30 psia. 
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Calculate the temperature after rmxmg Assume perfect gases and take c, for carbon 
dionde as 0 202 

13-32 Calculate the net change m entropy for Problem 13-31 
13-33 Calculate the density of the mixture in Problem 13-31 
13-34 (a) Air is composed of 21% oxygen and 7.9% atmosphenc nitrogen bj 

volume Calculate the weight analysis and the weight per mol of air 

(J) Using the weight per mol calculated m part (a), determine the gas constant R 
of air by means of the universal gas constant 

13-35 Detenmne the number of cubic feet of air required to burn 3 S lb of benzene 
CtHt when 25% excess air is used The air is at 14 7 psia and 60 F 

13-36 Determine the number of cfm of air for a furnace burning 30 tons of coal per 
hour The coal contains 82 % C 5 5 % H: and 8 % Oj (the remainder is inert) and 40% 
excess air is used 

13 37 An oil fired furnace uses 2000 gal of oil per hour (7 5 lb per gal) Assume 
that the oil is equivalent to CuIIk Use 20% excess air Determine the volume of 
gases leaving the furnace per mmute at 14 0 psia and 500 F 

13-38 Air IS supplied in the combustor of a gas turbine at the rate of 60 lb per pound 
of fuel Treat the fuel as CaH^ Determine the volumetnc analysis of the net products 
Determine also the weight per mol of net products 

13-39 Calculate the specific heat at constant pressure of the products m Problem 
13-38 using Table 2-1 Take the specific heat of carbon dioxide as 0 202 

13—10 Combustion of C^Hu results in the following Orsat analysis COi 13 77% 
Oi, 0 79% CO 0 17% Determine the per cent excess air used 

13-41 Calculate the mols of each wet product m Problem 13-30 per 100 lb of fuel 
13-42 A coal has a higher heating value of 13 500 Btu per Ib The coal contains 
78% C 6% lit and 8% Ot the rest being inert Calculate the lower heatmg \mlue of 
the coal (Note The oxygen in the coal is combmed with some of the hydrogen 
reducmg the hydrogen which is free to bum 

13-43 In Problem 13-20 determme the Ion er heating v alues. 

13-14 Methane CHt is burned in air which contains 0 02 lb of water vapor per 
pound of air If 20% excess air is used calculate the number of pounds of vapor in the 
products per cubic foot of Cf/j at 14 7 psia and 77 F 

13- 15 If CtUt is burned in air containing 0 02 Ib of water vapor per pound of air, 
to what temperature can the products be cooled before condensation starts? The preS 
sure IS IS psia and 10% excess air is used 

CHAPTER 14 

14- 1 Assume that 16 Ib of oxygen •’re heated from lOO F to 500 P at constant pres 

sure Calculate the heat supplied (a) under perfect gas Ian’s (6) by using Table 14-1 

14-2 VThat is the mean specific heat m each part of Problem 14-1? 

14-3 Find the values required in Problems 14-1 and 1 4-2 but consider the oxygen 

to be heated from 100 F to 4540 F 

14^ Compare the results of Problems 14-1 and H-’3 with those achieved by the 
use of Table 14-2 

14-5 A chemical plant operates a reciprocating compressor which receives 800 lb 
of methane per hour at 80 F and dischaiges it at 380 F The compressor water jackets 
absorb heat from the methane that is equivalent to 10 per cent of the enthalpy change. 
What is the ihp of the compressor? 
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14-22 Detennme the speci6c heats Cp and c, of the diatomic gases listed in Table 
2-1 by assuming that the molecules have energies only of translation and rotation. 
Compare the calculated results mth those given in the table 

14-23 A diesel engine produces 1240 brake hp when usmg 478 Ib of fuel per hour 
Assume that the fuel is CuHn and that 50 per cent of excess air is used Air enters the 
engine at 60 F and gases leave at 540 F Water is circulated at the rate of 1600 lb per 
mm and there is a nse in its temperature of 30 deg F Determine the amount of heat lost 
from the engme and not accounted for 

14-24 Usmg the heatmg values given m Table 13-1, detennme the chemical 
energies of benzene, octane, and dodecane The internal energy of benzene at 77 P is 
397 Blu per mol 

14-25 Deterrnine the theoretical maximum temperature m Problem 14-11 if the 
mixture is burned at constant volume 

14-26 Using Table 14-2 determine the mean specific heat c„ (pound basis) of 
water vapor (o) between 60 F and 140 F, (6) between 540 F and 1540 F, (c) between 
1540 F and 3540 F (d) between 60 F and 1540 F 

14—27 Starting with equation 14-29 write a general expression for ds in terms of 
Cp, P, y and T Simphfy this expression for a perfect gas 

14-28 Derive an equation for the change m intnnsic energy of a gas obeying Van 
der Waals’ equation 

14-29 Table IV m Keenan and Keyes* Steam Tables shows that the entropy of 
compressed wnter at 32 F exceeds that of saturated water Demonstrate that this must 
be true by usmg the general equations of thermodynaimcs (Hint Use one of Max 
well’s relations ) 

14-30 Calculate the gas constant a and b in Van der Waals' equation for water, 
usmg the critical volumes from the Steam Tables Why do not these values agree with 
those in Table 14-3^ 

14-31 Steam is heated from 240 P to 1000 F at constant pressure Using the 
specific heat equations in Table 14— 1 calculate the change m entropy per pound Com 
pare the results with those obtained bv usmg steam tables at 1 psia 

14-32 Determine the chemical energy of Cifi per mol 

14-33 An mtemal combustion engine operates on natural gas (assume it to be 
CHi) The engine receives the gas at 200 psia and 100 F at the rate of 20 cfm Enter 
mg air is also at 100 F and 20% excess air is used m the engme The gases leave the 
engme at 1040 F Assume complete combustion The engine produces 2000 hp 
Calculate the total heat lost from the engme per imnute 

14—34 Air IS supplied at the rate of 60 lb per pound of fuel in the combustor of a 
gas turbine Treat the fuel as The gases enter the turbine at 2000 R and leave 

at 1500 R Calculate the horsepower output of the turbine if fuel is burned at the rate 
of 8 lb per rrun Use Table 14—2 

14-35 (a) What error would be caused in Problem 14-34 if the products were 

treated as air and variable specific heat (Table 14-2) were used? 

(5) Determine the error caused in Problem 14-34 if the products were treated as atr 
for which Cp IS 0 24 

14-36 In an intem)J-combustion engine the temperature at start of combustion is 
540 F The fuel is C^„ and is supplied with 20 % excess air Determine the maximum 
possible temperature after combustion Assume constant volume combustion 
Write an energy balance equation and solve for the maximum temperature by tnal and 
error) 

14-37 Solve Problem 14-36 but treat the products as air with c, equal to 0 1715 
Assume that the produ ts^w to be heated by a quantitj of heat equal to the chemical 
energy of the fuel 
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^14— o8. A fuel oil contains 84% C and 14% iJj by weight. It is burned in a furnace 
with 20% excess air. Passing through over the boiler tubes, the gases are cooled from 
2500 R to 2000 R. Determine the mean specific heat Cp of the gases for this range of 
temperature. Use Table 14-2. (Note: Neglect the 2 pen cent of the fuel which is 
tmknown.) 

^ 14-39. Air enters an axial-flow compressor at 77 F and leaves at 340 F. Deter- 
mine the error caused in the calculated horsepower by assuming that Cp=0.24, 

14-40. Determine the error caused in the calculation of the volume of steam by 
use of equation>14— 8 at the following conditions: 

(a) 1 psia and 1 20 F. 

(5) 200 psia and 400 F. 

(c) 1000 psia and 1000 F. 

14-41. Natural gas (assume CHa) leaves a compressor station in a pipe line at 900 
psia and 150 F. Calculate the error caused in the calculation of the density of the gas 
by treating it as a perfect gas. Assume that Fig. 14-6 gives means of getting true 
density. 

14-42. Check the latent heat of steam at atmospheric pressure by means of the 
Clapeyron equation, using steam table values for other quantities in the equation. 

14-43. Calculate the error caused by the use of Van der Waals’ equation in Prob- 
lem 14-41. 

14-44. Air is heated at a constant pressvire of 20 psia from 140 F to 1540 F. Deter- 
mine whether the air can be treated as a perfect gas by considering the following questions: 

(a) Is FF equal to WRT? 

(b) Is the specific heat constant? 

14- 45. Carbon dioxide, used for refrigeration, leaves a compressor at 900 psia and 
200 P. Determine its density by use of: (a) perfect-gas laws; (b) Van der Waals* 
equation; (c) Fig. 14r-16, 

CHAPTER IS 

15— 1. Air at a barometric pressure of 30.46 in. ffg and a temperature of 90 F has 
a diy-air partial pressure of 29.90 in. Determine the relative humidity and the dew 
point. 

15-2. Air at standard barometric pressure and 90 F has a wet-bulb temperature of 
80 F. Determine the relative humidity, the dew point, and the specific humidity. 

15-3. Determine the absolute humidity in Problems 15-1 and 15-2. 

15-4. Air at 90 F is saturated under a total pressure of 14 psia. Determine the 
densit}^ of the dry air, the specific humidity, and the absolute humidity, 

1 5-5. Calculate the enthalpy of saturated air, in Btu per pound of diy air, for Prob- 
lems 15-1, 15-2, 15-3, and 15-4. 

15-6. Air at 13.5 psia and 40 F, having a wet-bulb temperature of 33 P, flows 
through a unit heater from which it emerges at 100 F. Calculate: (a) the relative 
humidity before and after heating, and (6) the heat supplied per pound of dry air. 

15-7. Air at 20 F having a dew point of 10 F is heated at standard atmospheric 
pressure to 90 P. Calculate: (a) the relative humidity before and after heating, (6) the 
absolute humidity before and after heating, and (c) the heat supplied per pound of dry 
air. 

15-8. Air at 12 psia and 92 F, ha^dng a relative humidity of 80%, is cooled to 60 F 
while passing refrigerating coils. Calculate: (a) the relative humidity before and 
after cooling, (6) the absolute humidity before and after cooling, and (c) the specific 
hvimidity before and after cooling. 

15-9. If, in Problem 15-8, 1000 cfm enter at 92 P, determine the heat transferred, in 
Btu per minute. 
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15-10 Air at 16 psia and 70 F, -with a rdatrve htJE.aity of 20%, is run tbfot^h a 
spray of chilled water (-10 F) and emerges with its temperattire at M P What are its 
final «pecific humidity and its final relattve humiditj > Assume that weight of «pray 
water supphed equals weight evaporated, 

15-1 1 Outsid- air at 5 F and 80% relative htanidi^y enters a warm-air fureace, to 
which water is supphed at 50 F for humidification, and air leaves the furnace at 130 P, 
at which temperature it enters the upstairs of the house. Here it is coo’ed toroomcondi’ 
tions of 70 F and SO % relative humitLty N ^lect vaponzation in the house and assum- 
that heat losses transmitted from the house amount to 60 000 Btu per^u- Calculate 
(a) the number of pounds of dry air per minute required to maintain the house at the 
specified temperature (6) the number of pounds of water consumed per 24 hours, and 
(c) the heat added per hour in the furnace. 

15-12 Repeat Problem 15-11, assunnng that half of the air entenng the furnace is 
recirculated air at 70 F 

15—13 Air at 130 F, havmg a wet bulb temperature of 70 F, enters a drying tuned 
containing wet products. If the air leai es adiabaticaHy saturated, calculate (a) the 
dew point of the entering air (6) the “fpecific humidity of the entering air, (c) the specific 
humidity of the emt air and id) the number of pounds of mmsture removed from 
products per 1000 cu ft of entering air 

15-14 Consider that the rate of flow of th" air in Problem 15-13 is changed so that 
the a-r leaves at 80 F and has a veet bulb temperature of 70 F Calculate the I'ems 
listed and also the dew pomt of the ent air 

15-15 The air in an auditorium of 2000 seats is to be conditioned to 74 F dry bdb 
and 60% RJI Outside conditions are 92 F and 55% RJI Air is to be supphed at 
the rate of 30 cu ft per ttuti per person (auditonum conditions) Calculate (o) the 
tonnage required in the dehumidifier and (6) the heat that must be supphed per maute 
to the heater 

15-16 Repeat Proyem 15-15 using 30 per cent uf maie-up air {by weight of dry 
air) and the rest reorculated air Recirculated air lea\ es the auditorium at 80 F and 
54%R-H 

15—17 A certain house with air at 73 F and 28% R H has an infiltration of 15 000 
cu ft of air per hour Heat lost through the walls is 80 000 Btu per hour, measured at 
outside conditions of 10 F and 60% RJI The house will be just as comfortable at 
70 F and 5a % R.H Assume that the heat lost through the walls is directlj propor 
tional to the difference between the inside temperature and the outside temperature, 
and that the amount of infiltration does not change. Is there a saving or a loss if the 
house temperature is lowered to 70 F> O* ote Air that infiltrates must be heated up 
to bouse temperature and its humidity must be increased to the desired amount by 
vaporizing and heatmg water which comes in at 50 F ) 

15-18 Solve Problem 15-17 if the outade conditions are 50 F and 60% R.H.^and 
the heat lost through the walls is 22 200 Btu per hr for an inside temperature of 73 F 

15-19 (a) From a s*udv of Problems 15-17 and 15-18 what can you say about tie 

desirabflitv from an economical standpoint of humidifying a house’ 

(6) Will the amount of infiltration change your answer’ 

15—20 A wdl insulated auditorium seating 2500 persons is supplied with 30 cfm per 
pei^ of air at 70 F and 50 % relative humidity 60 per cent of this air is reorculated. 
Each hour a person gii es off 384 Btu and adds 0 153 lb of moisture to the atrnosph^ 
The outside air u at 0 F and is 100% saturated. This outside air is first run through a 
tempering heater from which it emerges at 40 F, and is then mized with the recalculated 
air from the auditorium. The mixture is washed m a «pray chamber and u g« m a hem 

heating of 70 F The temperature of the water supplied to the «TJray is 48 F Calculate 

the following 
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(a) The specific humidity, the weight of dry air per minute, and the enthalpy of 
the air entering the auditorium. 

(b) The specific humidity and the enthalpy of the air leaving the auditorium. 

(r) The weight of dry air recirculated per minute. 

(d) The specific humidity and the enthalpy of the outside air. 

(e) The relative humidity and the enthalpy of the air leaving the tempering heater. 

(/) The specific humidity and the enthalpy of the air leaving the mixer. 

(g) The number of poxmds of moisture added per pound of dry air in the spray 
chamber. 

{h) The Btu per minute supplied in the tempering coil. 

(i) The Btu per minute supplied in the final coil heater. 

15— 21 . Air is saturated at 14.5 psia and 80 F. Compute the density of the saturated 
air and compare it with that of dry air at the same temperature and pressure. 

15—22. Air is desired with a relative humidity of 5 % at 90 F. To what temperature 
must it be cooled if it is completely saturated at the low temperature? 

15-23. Air at 85 F has a specific humidity of 0,014, How much water can be 
removed per pound of dry air if the air can be cooled to 35 F? 

15—24. A refrigerating machine can cool air to 45 F, where the relative humidity is 
95%. Determine the number of potmds per minute of dry air which may be cooled by 
a 20-ton refrigerating machine if the air enters at 90 F and 60% relative humidity, 

15—25. (a) By use of Carrier's equation, determine the vapor presstire and specific 

hunadity for 85 F dry bulb and 72 F wet bulb, for the following barometric pressures: 
15 psia, 14 psia, 12 psia, and 10 psia. 

f^) Draw conclusions from part (a) in regard to the error caused by neglecting the 
effect of barometric pressure when determining specific humidities by use of a psychro- 
metric chart. 

15-26. (a) Determine the specific volumes in Problem 15—25 (a). 

{b) Answer Problem 15-25(6) for specific volumes instead of specific humidities. 

15-27. (a) Determine the specific enthalpies in Problem 15-25 (a). 

(6) Answer Problem 15—25(6) for specific enthalpies instead of specific humidities. 

15—28. Air is supplied to a drying chamber at 140 F and 20% relative humidity. 
Tt leaves with a relative humidity of 95%. Water is to be vaporized in the drying 
chamber at the rate of 40 lb per min. Neglect the internal energy of the liquid water 
and, assuming adiabatic action, determine the number of cfm of air to be supplied. 

15-29. Air has a dry-bulb temperature of 80 F and a wet-bulb temperature of 70 F. 
Atmospheric pressure is 14.2 psia. Determine: (a) the dew point, (6) the relative 
humidity, and (c) the specific humidity- 

15-30. Air has a dry-bulb temperature of 85 F and a wet-bulb temperature of 60 F. 
Atmospheric pressure is 14.5 psia. Determine: (a) the dew point, (6) the relative 
humidity, and (c) the specific htimidity. 

15-31. In a certain part of a steam condenser, the measured temperature and pres- 
sure are 82 F and 1.175 in. Eg, abs., respectively. (Note: Because of condensation, 
the vapor is saturated.) Determine: (a) the vapor pressure, (6) the dry-air pressure, 
and (c) the number of pounds of air per pound of vapor. 

15-32. Calculate the true enthalpy at standard atmospheric pressure, in Btu per 
pound of dry air, and compare it with that at the wet-bulb temperature for the following 
conditions: 

(fl) 40 F dry bulb and 34 F wet bulb. 

(6) 80 F dry bulb and 70 F wet bulb. 

Ic) 95 F dry bulb and 78 F wet bulb. 

15-33. Air has a dry-bulb temperature of 90 F and a reported dew-point tempera- 
ture of 74 F. The correct dew point is 75 F. Atmospheric pressure is 14.3 psia.^ Calcu- 
late the per cent error caused in the specific humidity by the incorrect dew point. 
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J5 34 Air at 14 6 psia has a dry btilb temperature of 90 F and a reported wet bulb 
temperature of 75 F ^The true wet bulb temperature is 74 F Calculate the per cent 
error m the specific humidity caused by the incorrect wet bulb temperature 

15 35 Air at 14 6 psia has a wet bulb temperature of 74 F and a reported dry bulb 
temperature of 91 F The true dry bulb temperature is 90 F Calculate the per cent 
error m specific humidity caused by the incorrect dry bulb temperature 

15 36 Compute the specific humidity of saturated au at 14 7 psia and the follow 
mg temperatures — 40 F OF 40 P SO P and 120 P 

15 37 The vapor pressure of air at standard atmosphenc pressure and 90 F is 
increased from 0 3 psia to 0 6 psia Calculate the percentage increase in specific 
humidity 

15-38 Air at standard atmosphenc pressure is at 90 F and 50% R H It is cooled 
to 70 F If the onginal volume is 3 500 cu ft compute the final volume 

15 39 Air at standard atmosphenc pressure is at 90 F and 50% R H It is cooled 
to 50 F If the original volume is 3 500 cu ft compute the final volume 

15-40 Am at standard atmosphenc pressure is at 50 F and 60% R H It is heated 
to 90 F and 0 01 Ib of moisture is added per pound of dry air If the onginal volume 
IS 2 500 cu ft compute the final volume 

15-41 Ait is to be heated from 40 F to 120 F at standard atmosphenc pressure 
At 120 F the air volume is to be 5 000 cu ft and the R H is to be 20% If the original 
relative humidity is 40% calculate the weight of water to be added 

15-42 It IS desired to get 20 000 cu ft of air per minute at 74 F and 60% R H 
This IS obtained by taking air at 90 F and 55 % R H cooling it until sufficient dehumidifi 
cation has been obtamed and then heating it to 74 F Calculate the amount of water 
vapo condensed per minute 

15-43 A building having a volume of 60 000 cu ft is to have one air change per 
hour If the building is to be maintained at 70 F and 45% R H and outside conditions 
are 0 F and 80% R H calculate the amount of water to be vaporised per hour to mam 
tain the relative humidity m the building Assume standard atmosphenc pressure 
15—44 Air at standard atmosphenc pressure 90 F and 65% R H is cooled to 50 F 
and IS then reheated to 75 F Calculate the heat removed per pound of dry air con 
sidenng and neglecting the enthalpy of the condensate 

15-45 Calculate the final relative humidity and the heat added per pound of dry 
air in Problem 15-44 

15-46 Air at 70 and 14 7 psia has a relative humidity of 60% Calculate the wet 
bulb temperature (Suggestion Use Carrier s equation with a tnal and error solu 
tion ) 

15—17 Air at standard atmosphenc pressure is at 90 F and 50% R H It is cooled 
to 40 F (assume 100% R H at th s temperature) and then is heated to 140 P and piped 
\o a toynig xhamkivt Vi, ’lUa-s es Vne 'iryvr/g ni'/Jn tfcft, ■sawA- nvstrbieJfe tsOTjje.ca.twae. 

it had at entrance and with a R H of 95% Calculate the moisture picked up per 
mmute m the drying chamber if the onginal volume of the air is 42 000 cfm 

15-48 A dehurmdifier system uses recueulation There are 10 000 cfm of recircu 
lated air at 80 F 60% R H and 14 7 psia and there are 5 000 cu ft of outside air at 
90Fand65%RH Determine 

(a) Specific humidity of the mixed aur entenng the dehumidifier 
(5) Enthalpy per pound of dry air entenng the dehumidifier 
15-49 Am at 14 2 psia 50 F and 60% R H is heated to 90 F and 50% R H T^ 
water for vaporization is supplied at 60 F Calculate the error caused in the heat added 
by neglectmg the enthalpy of the water added 

15--50 If 40 per cent of the temperature drop from a room to the outside air through 
a window occurs between the room and the inner glass surface and there is condensation 
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on the glass, compute the minimum relative humidity in the room. The room is at 
72 P, and the outside temperature is 0 F. 

CHAPTER 16 

16~1. Calculate the thermal efficiency on the air-standard basis for an Otto Cycle 
ha\dng each of the following compression ratios: (a) 2, (6) 4, (c) 5.5, (d) 6 4 fe) 7 8 
y) 10, (g) 16. . V ^ , V ; . , 

16-2. For Problem 16-1, plot a curve of efficiency versus compression ratio. 

16-3. In an air-standard Otto Cycle, with a compression ratio of 6.1 to 1, the heat 
added per pound of air is 1000 Btu. The conditions at the start of compression are 
14.7 psia and 40 F. Calculate the following quantities: 

(а) The pressures, temperatures, and specific volumes for all points of the cycle. 

(б) The heat rejected per pound. 

(c) The work per pound for each process. 

(d) The thermal efficiency. 

(e) The mep. 

16-4. Plot the cycle in Problem 16-3 to scale, using both P-V and T-S coordinates. 

16-5. Solve Problem 16-3 if only 500 Btu per poimd of air are added. 

16-6. Superpose a plot of the cycle of Problem 16-5 on that of Problem 16-4, using 
P—V and T—S coordinates. 

16—7. An air- standard Otto Cycle has the following temperatures: before com- 
pression, 100 F; after compression, 740 F; before expansion, 4000 F, Calculate the 
temperature at the end of expansion and the thermal efficiency. 

16-8. Calculate the heat supplied and the change in entropy per pound of air in 
Problem 16-7. 

16-9. Compare the theoretical horsepowers of two air-standard Otto-Cycle engines 
in each of which 10 lb of air per minute go through the cycle of operations. In both 
engines, the temperature before compression is 120 F and the compression ratio is 7, 
but one engine starts to reject heat at 1800 F while the other starts to reject heat at 
2800 F. 

16-10. Compare the theoretical horsepowers of two air-standard Otto-Cycle engines 
in each of which 10 lb of air per minute go through the cycle of operations. In both 
engines, the minimum temperature is 120 F and the maximum temperature is 5000 F, 
but one engine has a compression ratio of 4.5 and the other has a compression ratio of 7. 
Also calculate the temperature at which each engine starts to reject heat. 

16-11. For each of the engines in Problems 16-9 and 16-10, the minimum cylinder 
pressure is 13 psia. Calculate the maximum pressure. 

16-12. In an air-standard Diesel Cycle with a 15.8 compression ratio, 1000 Btu are 
added per pound of air. The conditions at the start of compression are 14.7 psia and 
40 F. Calculate the following: 

(a) The pressures, temperatures, and specific volumes for all points of the cycle. 

(b) The heat rejected per pound of air. 

(c) The work per pound for each process, 

(d) The cycle efficiency. 

(e) The mep. 

16-13. Plot the cycle in Problem 16-12 to scale, using both P-V and T-S coordi- 
nates. 

16-14. Solve Problem 16-12 if only 500 Btu per pound of air are added. 

16-15. Superpose a plot of the cycle of Problem 16-14 on that of Problem 16-13, 
using P-V and T-S coordinates. 

16-16. Solve Problem 16-12 as a ^‘limited pressure” or Dual Cycle. Add 500 Btu 
at constant volume and the rest at constant pressure. 
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16-17 Plot the cycle of Problem 16-16 to scale using P-Fand TS coordinates 
16-18 An air standard Diesel Cycle has the following temperatures before com 
pression 100 P after compression 740 F before expansion 4000 F Calctdate the 
temperature at the end of expansion and the thermal efficiency 

16-19 Solve Problem 16-3 for a Brayrton Cycle instead of an Otto Cycle. 

16-20 Plot the cycle of Problem 16-19 to scale using P-I and T S coordmates 
16-21 An engine 8 in XIO in has a 6 to 1 compression ratio Us ng the air 
standard Otto Cycle with conditions of 14 psia and 100 F at the start of compression 
and a heat added of 1100 Btu per pound of air detennme (a) the maximum cycle work 
of the engine and (6) the maximum mep 

16 22 An T.ir standard Diesel Cycle has a IS to 1 compression ratio and an expan 
Sion ratio of 5 to I At the start of compression the temperature is 60 F and the pres 
sure IS unknown Determine the cycle efficiency 

16-23 Repeat Problem 16 22 for an initial temperature of 120 F 
16-24 For the cycle specified in Problem 16-3 hut with an imtial temperature of 
120 F determine the thermal effiaency and the mep 

16-25 (a) At the start of compression in an air standard Brayton Cvcle the pres 

sure is 14 0 psia and the temperature is 120 F The isentropic compression ratio is 3 to 
1 and the heat added per pound of air is 1300 Btu Detennme the cycle efficiency and 
the mep 

(6) What effect does the compression ratio have on the efficiency and the mep? 
16-26 An air standard Otto Cycle has an mep of 250 psi and a cycle efficiency of 
54% Determine the heat added per pound of air if conditions at the start of corapres 
Sion are 14 psia and 60 P 

16-27 In Problem 16-16 assume that 800 Btu are added at constant volume and 
200 Btu are added at constant pressure Determine the cycle efficiency 

16-28 In an air standard Brayton Cycle isentropic compression starts at 14 0 psia 
and 60 P The maximum pressure is 70 psia and the maximum temperature is 2000 F 
Determine (o) the cycle efficiency (6) the cycle work per pound of air (e) the mep 
16-29 An air standard Otto Cycle has a 7 to 1 compression ratio At start of com 
pression conditions are 14 psia and 70 F The maximum allowable pressure is 1 000 
psia Calculate (a) the eyerie thermal efficiency and (i) the mep 

16-30 An air standard Otto Cycle has a 7 to 1 compression ratio At start of 
compression conditions are 14 psia and 70 F The maximum allowable temperature 
is 6 000 F Calculate (a) the cvcle thermal efficiency and (b) the mep 

16-31 An air standard Diesel Cycle has a 15 to 1 compression ratio At start 
of compression conditions are 14 psia and 70 F The maximum allowable temperature 
IS 4500 F Calculate (a) the cycle thermal efficiency and (6) the mep 

16 32 An air standard Diesel Cycle has an 18 to 1 compress on ratio and a 6 to 1 
expansion ratio (ratio of the volume after to the volume before isentropic expansion) 

If conditions at start of compression are 14 7 psia and 80 F calculate (a) the net cycle 
work per pound of air and (6) the cycle thermal effiaency 

16-33 An air standard Otto Cycle has a 6 5 to 1 compression ratio and a mep of 
220 pst If conditions at start of compression are 14 5 psia and 140 P calculate the 
maximum temperature 

16-34 An air standard Dual Cycle has a compression ratio of 13 to 1 Thecoi^ 
tions at start of compression are 14 psia and 70 F Maximum allowable pressure is 1000 
psia and maxi mum allowable temperature is 5000 F Calculate (o) the cycle thermal 
effiaency and (6) the mep 
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16—35. An air-standard Otto Cycle is to be designed for a thermal efficiency of 
51.2% and a mep of 240 psia. If conditions at start of compression are 14.2 psia and 
75 F, calculate the maximum cycle temperature. 

Solve Problem 16-3 for an initial temperature of 140 F. What effect does 
initial temperature have (a) on thermal efficiency and (b) on mep? 

-An air-standard Diesel Cycle has a 14 to 1 compression ratio and a mep of 
190 psia. If conditions at start of compression are 14.5 psia and 100 F, calculate the 
cycle thermal efficiency. 

1^38. An air-standard Otto Cycle has the following temperatures: start of com- 
pression, 80 F ; maximum temperature, 6200 F; temperature at end of expansion, 2200 F. 
If the initial pressure is 14 psia, compute the cycle efficiency and the mep. 

16-39. During addition of heat in an air-standard Diesel Cycle, the volume is 
tripled. The compression ratio is 15 to 1, Conditions at start of compression are 14.3 
psia and 85 F. The weight of air present is 0,2 lb. Calculate (a) the cycle w’^ork and 
(6) the cycle thermal efficiency. 

16-40. An internal-combustion engine has a piston displacement of 0.4 cu ft and - 
a compression ratio of 6 to 1. The engine makes 2000 cycles per min. Conditions at 
start of compression are 13.8 psia and 120 F. Assume that the equivalent heat added 
per pound of air is 800 Btu. Using the air-standard Otto Cycle, determine the horse- 
power. 

16-41. An air-standard Dual Cycle has a 5 to 1 expansion ratio and a 15 to 1 com- 
pression ratio. Assiune that the heat added at constant pressure equals the heat added 
at constant volume. If the temperature at start of isentropic compression is 110 F, 
calculate the cycle thermal efficiency. 

16-42. Solve Problem 16-19 for an initial pressure of 100 psia instead of 14,7 psia. 
This is done to minimize the size of both the compressor and the power cylinders. Do 
you recommend this procedure? 

16-43. Work Problem 16-28 but increase the maximum temperature to 4000 R. 
What effect does m?i.rimiiTn temperattire have on cycle thermal efficiency and mep? 

16-44. An air-standard Diesel Cycle has a 1 6 to 1 compression ratio. The tempera- 
ture at start of compression is 120 F. The temperature at end of expansion is 2000 F. 
Calculate the cycle thermal efficiency. 

16- 45. An air-standard Otto Cycle and an air-standard Diesel Cycle each reject 
300 Btu per pound of air. The conditions at start of compression for both are 14 psia 
and 80 F. Both have the same maximum temperature of 6000 F. Calculate and com- 
pare the C 3 ’'cle works per pound of air and the cycle thermal efficiencies. 

CHAPTER 17 

17- 1. An eight-cyclinder automobile engine having the dimensions 3J m.X4| in. 
develops 135 bhp at 3400 rpm. Calculate the torque and the bmep. 

1 7-2. The engine in Problem 1 7-1 is used in an automobile in which the rear-axle 
ratio is such that the engine makes 3.35 revolutions to 1 revolution of the wheels when 
the car is in high gear. If the outer diameter of the tire is 29 in., what is the car’s speed 
in miles per hour when the engine makes 3400 rpm? 

17-3. The engine in the preceding problems has a compression ratio of 6.70 to 1, 
and consumes gasoline having a higher heating value of 20,000 Btu per lb. If, under the 
conditions in Problem 17-1, the brake relative efficiency is 70% with theoretical air- 
fuel ratio, determine the brake specific fuel consumption. 

17-4. Refer to Problem 17-3 and determine the volumetric efficiency, based on air 
at 14.7 psia and 60 F. 
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17-5 Some states fis motor vdiide taxes on a so called ‘ taxable horsepower 
which IS taken as 0 4 nZ?’ where n is the number of cylinders and Z) is the diameter m 
inches Derive this formula on. the basis of a single-acting four stroke cycle engine 
having a bmep of 67 5 psi and an average piston speed of 1000 ft per min 

17-6 Calculate the taxable horsepower of the engine in Problem 17-1 and dis 
cuss why this differs greatly from the bhp 

1 7-7 A SIX cylinder four stroke cycle diesel engine is smgle acting and has cylinders 
5 m X7 in When running at 1200 rpm it has a mechanical efficiency of 60% and a 
volumetric efficiency of 90% based on air at 14 7 psia and 60 P If the air fuel ratio is 
22 the fuel has a heating value of 19 000 Btu per lb and 7600 Btu are supplied per 
bhp hr, calculate the bhp and the ihp 

17-8 Dunng a 20 minute dynamometer test of a six cylinder automobile engine 
3 J m X3J m the following data were recorded 
Speed 2260 rpm 
Torque 136 Ib ft 
Weight of gasoline used 10 9 lb 

Weight of cooling water 591 lb (suppbed from water mam and weighed after having 
passed through the engine cooling system) 

Air fuel ratio by weight 15 
Temperature of air and fuel supplied 77 F 
Temperature of exhaust gases 1600 F 
Temperature of cooling water supphed 60 F 
Temperature of cooling water from engine 162 P 
Barometer 29 55 in Hg 

Assuming that the gasoline has a heating value of 20 000 Btu per Ib determine as a 
percentage of the heating value each of the following items 
(a) useful work output 
(t) energy loss due to jacket water 

(c) energy loss due to dry products of combustion 25) 

(d) energy loss due to combustion of hydrogen (consider that I 42 lb of i/iO are 
formed per pound of fuel and obtain enthalpy from superheated steam table at 
1 psia and 1600 P) 

(e) unaccounted for (obtained by difference) 

17-9 Calculate the volumetnc efficiency of the engine m Problem 17-8 
17—10 Calculate the bmep of the engine in Problem 17-8 

17-11 A diesel engine uses 0 42 lb of fuel per bhp hr The compression ratio is 
14 to 1 and 40 per cent of excess air is used The heating value of the fuel is 19 000 
Btu per lb The mechanical effiaency is 75% Calculate (o) the brake relative 
efficiency and (6) the indicated relative efficiency 

17-12 Calculate the brake fuel rate of an automotive engine having a compression 
ratio of 6 to 1 and using 90 per cent of theoretical air The heating value of the fuel i3 
20 200 Btu per lb The mechanical efficiency is 72% Assume an indicated relative 
efficiency of 85% 

17-13 Calculate the brake fuel rate of an aircraft engine having a compression ratio 
of 7 i to 1 and using 95 per cent of theoretical air The heating value of the fuel is 
20 200 Btu per Ib The mechanical efficiency is 88% Assume an indicated relative 
efficiency of 89% 

17-14 A large slow speed diesel engme has a compression ratio of IS to 1 and uses 
175 per cent of theoretical air The heating value of the fuel is 19 000 prr lb the 
mechanical efficiency is 92% and the indicated relative efficiency is 85% Calculate 
the brake fuel rate 

17-15 It IS desired to study the effect of the heating of the incoming charge by the 
hot clearance gases on volumetnc efficiency Assume that a 10 in X 12 m 
with a compression ratio of IS to 1 receives air at 100 F and that the air comes into the 
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cylinder without picking up heat from either the walls or clearance gas and without 
mixing with the clearance gas. Consider the clearance gas to have the properties of air 
and to be at 1000 P. 

(a) Calculate the weights of clearance gas and air present, on the basis that the 
incoming air fills the entire piston displacement. 

{b) Now assume that the air is heated by the clearance gas, without mixing and 
without piston motion, until an equilibrium temperature is reached. Calculate this 
equilibrium temperature and also the volumes of the air and the clearance gas. 

(c) What can be said about the effect of clearance gas on volumetric efficiency? 

(d) If the clearance gas loses heat to the walls during suction, will the volumetric 
efiBciency be affected? 

17—16. If the cylinder walls in Problem 17-15 give up 0.2 Btu during suction, calcu- 
late the suction temperature and the volumetric efficiency. What is the effect of heat 
from the cylinder walls on the volumetric efficiency?^ 

17-17. At the end of the suction stroke, the pressure in a diesel engine is 2 psi below 
atmospheric. The compression ratio is 16 to 1, and the suction temperattire is 150 F. 
At the end of exhaust the temperature is 800 F and the pressure is 2 psi above atmos- 
pheric. Calculate the volumetric efficiency, 

17—18. If the intake valve of the engine in Problem 17-17 is held open until the 
piston has moved 6 per cent of its return stroke, the pressure becomes 0.5 psi below 
atmospheric. Calculate the volumetric efficiency, 

17—19. The engine in Problem 17-18 uses 40 per cent excess air. The fuel has a 
heating value of 19,200 Btu per lb and requires theoretically 14.5 lb of air per pound. 
The indicated relative efficiency is 90 %, and the mechanical efficiency is 75 %. Calculate 
the brake thermal efficiency and the bmep. 

1 7-20. A six-cylinder, single-acting, four-stroke-cycle gasoline engine, when supplied 
with 13 lb of air per lb of fuel, uses 0.6 lb of fuel per bhp-hr. The heating value of the 
fuel is 20,200 Btu per lb. The volumetric efficiency is 70 %. Each cylinder is 3 1 in. X4 1 
in. Determine the bhp at 3600 rpm. 

17-21. Calculate the bmep of a natural -gas engine receiving 10 cu ft of air per cu ft 
of gas. The heating value of the fuel is 1100 Btu per cu ft. The volumetric efficiency 
of the engine is 82%, and the mechanical efficiency is 81%. The engine uses 9 cu ft 
of fuel per bhp-hr. 

17-22. Calculate the indicated thermal efficiency of the engine in Problem 17-21. 

17-23. A six-cylinder, four-cycle diesel engine, which is 6 in.XS in., has a 15 to 1 
compression ratio. It has a volumetric efficiency of 80% at 900 rpm and uses 0.38 lb 
of fuel per bhp-hr. The theoretical air-fuel ratio is 14.6 to 1, and 40% excess air is 
used. Determine: (o) the brake thermal efficiency if the heating value of the oil is 
19,200 Btu per lb; (b) the indicated relative efficiency if the mechanical efficiency is 
78%; (c) the brake mep. 

17-24. For Problem 17-23, determine: (a) the number of cfm of air at 14.7 psia and 
60 F; (b) the number of cubic inches of oil per injection per cylinder if the specific 
gravity of the oil is 0.9. 

17-25. Two engines have the following in common: compression ratio, 6 to 1; 
indicated relative efficiency, 80%; theoretical air-fuel ratio; volumetric efficiency, 82%. 
One engine uses liquid C&ffia as a fuel, and the other uses CH^ (gaseous). Calculate the 
indicated mep of each engine and compare the results. Assume atmospheric conditions 
to be 14.7 psia and 60 F. 

17-26. Compute the torque of a 5000-hp engine at 200 rpm. 

17-27. A six-cylinder, four-cycle gasoline engine is to deliver 120 bhp at 3600 rpm. 
The bore is to be 80 per cent of the stroke. Assuming a brake mep of 90, determine the 
bore and the stroke. 
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17-28 The exhaust gases of a gasoline engine show 4% of CO and 0 2% of ffj by 
weight There are 12 lb of gases per pound of fuel Assume that the fuel is CtHij. 
Calculate (o) the heatmg \alue of the CO and Hi per pound of fuel, (6) the per cent 
loss of heating value of fuel resulting from mcomplete combustion, 

17-29 A gasoline engine has a \olumetnc efBaencj’ of 75% an indicated relative 
efficiency of SO % and a mechanical effiaency of 74 % ■ and it uses the theoretical amount 
of air Tale the fuel used as Ctffii. The compression ratio is 7 to 1 Determme the 
brake mep for standard atmospheric conditions, 

17—30 A diesel engme has a volumetnc efficiency of 80%, an indicated rdatne 
efficiency of 76% and a mechanical efficiency of 79%, and it uses 160% theoretical air 
Take the fuel used as Cu-HW The compression ratio is 16 to 1 Determme the brake 
mep for standard atmosphenc conditions. Compare with Problem 17-29 

17—31 (a) A gasoline engme has a 5 to 1 compression ratio, a mechanical efficiency 

of 75%, and an mdicated relative effiaency of 78%- Take the fuel as and use 
theoretical air Calculate the pounds of fuel per bhp-hr. 

(ft) Work the problem for a 7 to 1 compression ratio 
(c) Work the problem for a 10 to I compression ratio 

17-32 An airplane engine is said to use 0 4 lb of fuel per bhp-hr, the fud having a 
heating value of 20,000 Btu per lb The compression ratio is 7,5 to 1, and 9a% theo- 
retical air IS used, hlechanical effiaency is reported to be 88% Is the reported per- 
formance data reasonable? 

17 33 Predict the probable brake mep of a diesel engme which uses 40% excess 
air and has a compression ratio of IS to 1 The engine uses a fuel having a heatmg value 
of 19,000 Btu per lb and requires, theoretically 200cu£tofairperlboffueL Mecbamcal 
effiaency li 78% Indicated relative effiaencj is 76% The engme is supercharged, 
the supercharger dehi ermg a v plume of free air eqiial to 140 per cent of the piston dis- 
placement of the engme. 

17—34 A two-cjcle diesel engme has crankcase compression. The crankcase 
dehiers to the engme cjlmder a volume of free aif equal to 75 per cent of the piston 
displacement, and 25 per cent of the air dehvered to the cjhnder passes directlj out the 
exhaust port and cannot be used for combustion. The engme uses 260 cu ft of air per 
pound of fuel and 0 44 lb of fuel per bhp-hr Calculate the brake mep 

17-35 A diesel engme with a 15 to I compression ratio uses 50% excess air at full 
load and has an mdicated relatn e effiaency of 78% and a mechanical effiaency of 84% 
at the full load. Heatmg value of fuel is 18,500 Btu per lb If full load is 1000 bhp, 
calculate (a) the number of pounds of fuel required per hour, (ft) the number of pounds of 
fuel per bhp-hr, (c) the friction horsepower 

17-36 The fuel supplj to the engme m Problem 1 7-35 is cut m half Assume that 
the total air supply to the engme, the mdicated relative effiaency, and the ffiiction horse- 
power remain constant Calculate (o) the mdicated horsepower, (ft) the brake horse- 
power, and (c) the number of pounds of fuel per bhp-hr 

17—37 A gasohne engme uses 0 55 lb of fuel per bhp-hr Treat the fuel as CtHu- 
Calculate the brake thermal effiaency, based on (a) the higher heatmg value of the fuel 
and (ft) the lower heatmg value of the fuek 

17—38 A speoal carburetor when placed on an automotive engine is said to enable it 
to get 48 miles per gal at 60 mph. The heating value of the fuel is 145 000 Btu ^ gal 
At the given speed, the power required to overcome wind resistance and mechanical 
losses m the beaxmg, differential, and tr ansmiss ion total 35 hp The compression 
of the engme is 6 to 1 , and 20 % excess air is used. Make calculations to show whether 
the 48 mdes per gal is reasonable. 

17-39 A 12 -c 3 clinder, two-cj-cle, natural gas engine is to dehver 1500 bhp at 600 
rpm The brake mep is 1 1 0 If the stroke is 1 2 times the bore, calculate the bore and 
stroke 
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1/-40. An 8-cylmder, four-cycle gasoline engine is to deliver a maximum of 120 
bhp. The brake mep is 120. The maximum allowable piston speed is 2500 ft per min. 
Calculate the bore. 

17--41. A diesel engine uses 20 lb of air per pound of fuel and 0.38 lb of fuel per 
hp-hr. Each pound of fuel produces 1.24 lb of water vapor. Gases leave the engine at 
1000 F and pass to a waste-heat boiler where they are cooled to 300 F. The engine 
horsepower is 600. Take Cp for the dry gases as 0.25 and Cp for the vapor as 0.45. 
Calculate the heat given up per hour to the waste-heat boiler. 

17-42. A gasoline has a specific gravity of 0.75. A four-cycle engine using this 
gasoline produces 45 hp at 3000 rpm. The engine has 6 cylinders and uses 0.6 lb of fuel 
per hp-hr. Calculate the number of cubic inches of liquid gasoline required per cylinder 
per cycle. 

17-43. A supercharged gasoline engine has a compression ratio of 7 to 1 and uses 
theoretical air. Assume standard atmospheric conditions. Take the fuel as CgHig. 
The engine is to produce 200 bhp with a brake mep of 190. The indicated relative 
efficiency is 80% and the mechanical efficiency is 77%. Calculate the number of cubic 
feet of free air to be supplied by the supercharger per minute. 

17-44. The engine in Problem 17-43 has 8 cylinders and operates at 3300 rpm. 
If the bore is 80 per cent of the stroke, calculate the bore and stroke. 

17- 45. Compare the indicated mep of a gasoline engine with a 7 to 1 compression 
ratio when using 120% theoretical air with that obtained when using 80% theoretical 
air. Assume standard atmospheric conditions, a volumetric efficiency of 80%, and an 
indicated relative efficiency of 78%. Take the fuel as Csifia. 

CHAPTER 18 

18— 1. Assume an air-standard theoretical gas-turbine cycle, with initial air con- 
ditions of 14.7 psia and 60 F. Calculate the net work per pound of air and the thermal 
efficiency for each of the following temperatures at start of expansion and each of the 
following pressure ratios: temperatures, 1000 F, 1400 F, and 1800 F; pressure ratios, 2, 
3i 5, 8. 

18-2. Repeat Problem 18—1, but use an actual cycle with turbine and compressor 
internal efficiencies of 80% each. Continue to treat the working substance as air con- 
forming to the perfect-gas laws, neglect the change in weight due to the addition of fuel, 
and neglect the burner and piping pressure drops. 

18-3. Repeat Problem 18-2 with internal efficiencies of 60%. 

18-4. Repeat Problem 18-3 for a unit that includes a regenerator. Assume that 
the exhaust gases are cooled to within 100 degrees of the air temperature leaving the 
compressor. 

18-5. Assume an air-standard theoretical gas-turbine cycle in which the pressure 
ratio is 3 J to 1 and the temperature at the start of expansion is 1400 F. Calculate the 
work (net) and the thermal efficiency, per cubic foot of air at start of compression, for 
the following conditions at start of compression: 

(a) 14.7 psia and 60 F. 

\b) 14.7 psia and 0 F. 

(c) 14.7 psia and 120 F. 

{d) 5 psia and 0 F. 

18-6. An actual gas-turbine unit takes in air at 14 psia and 90 F; the compressor 
discharges at 32.66 psia and 266 F. Calculate the compressor's internal efficiency: 
(a) by the perfect-gas method; (b) by Table 18-1. 

1 8-7. The compressor of Problem 18-6 discharges into a combustion chamber where 
fuel having a combined chemical energy and enthalpy of 18,600 Btu per lb is burned. 
Heat losses and incomplete combustion waste 10 per cent of the fuel. WTiat is the fuel- 
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air ratio if the products of combustion leave the burner at 31 psia and 1540 P? Solve 
both by the perfect gas method and by using Table 18-1, and compare the results 
18-8 The gases from Problem 18-7 enter the turbine and emerge from it at an 
exhaust-pipe pressure of 16 19 psia The turbine is known to have an internal efiSciency 
of 90% Using the air tables, calculate the enthalpy of the exhaust gases 

18-9 Assume that the turbme and the compressor of Problems 18-6 18-7, and 18-8 
have mechanical efficiency values of 98% each Calculate the thermal efficiency of 
the unit and the brake horsepower, if 40 lb of au: enter the compressor per second The 
heating value of the fuel is 19,600 Btu per lb 

18-10 Assume that a regenerator added to the umt of Problem 18-9 bnngs the 
temperature of the air entenng the combustion chamber up to 1 140 F If other tern 
peratures and pressures are unchanged what is the thermal efficiency? How does this 
efficiency compare with that of an air standard Brayton Cycle having the same com 
pressor pressure ratio? 

18-1 1 A gas turbme operates with a pressure ratio of 6 to 1 and with a temperature 
of 1200 F at the entrance to the turbine element Assume that atmospheric conditions 
are 14 7 psia and 60 F Determine on the air standard basis (o) the net cycle work 
per pound of air and (6) the thermal effiaency 

18-12 Work Problem 18-11 for a temperature of 1500 F instead of 1200 P 

18-13 Work Problem 18-11 for turbine and compressor efficiencies of 85% 

18-14 Work Problem 18-11 for turbine and compressor efficiencies of 75% 

18—15 Work Problem 18-11 for a temperature of 1500 F and turbme and com 

pressor efficiencies of 85% 

18-16 Work Problem 18-11 for a plant that includes a regenerator which gives 
perfect heat exchange (t e , regenerator effectiveness is 100%) 

18-17 Work Problem 18-1 1 for turbme and compressor efficiencies of 85% and a 
plant that mcludes a regenerator which has an effectiveness of 75% 

18-18 An actual gas turbme compressor receives air at 14 7 psia and 90 F and dis 
charges at 45 psia If the compression efficiency is 83% determine the enthalpy per 
pound and the temperature at the compressor exit by use of Table 18-1 

18-19 Assume that the fuel for a gas turbine is CisJIjs Air enters the combustion 
chamber at 440 P If the allowable temperature at exit is 1540 F, determine the number 
of pounds of air which must be used per pound of fuel Neglect the enthalpy of the 
liquid fuel Use Table 18-1 for the enthalpies of both the air and the products of com 
bustion 


18-20 Work Problem 18-19 but treat the gases as air and assume that air is a 
perfect gas 

18-21 Gas turbine engineers often speak of the "work ratio ' as being the net 
work of the cycle divided by the work output of the turbme alone For a theoretical 
asx-stssdaxd. turhmR trjrlfl. cnra^vite the net work yer ^ound of air the work ratio, 
and the thermal effiaency, if conditions at entrance to the compressor are 14 psia and 
90 F, the pressure ratio is 6 to 1 and the maximum temperature is 1200 F 

18-22 Solve Problem 18-21 using compressor entrance temperatures of —60 F. 
0 F, 60 F, and 120 F, and other data being unchanged 

18-23 Solve Problem 18-21, using pressure ratios of 2, 4. 8, and 10 to 1 
18-24 Solve Problem 18-21, using maximum temperatures of 800 P 1000 F, 1400 F. 
and 1600 F. 


18-25 Solve Problem 18-21, using air as a perfect gas but also conadenngt^ rur- 
Hitift and the compressor to have internal effiaencies of (a) 90%, { 0 } 80% (c) 70% 


18-26 From the results of Problems 18-21 through 18-25. discuss the relative 
effects of the vanables tested What conclusions do you draw? 
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IS ^2/, An eiCtUsl gss-ttiroins unit tsl^cs in sir s.t 14.1 psis. sun 40 F j tiis compressor 
discharges at /O psia and 390 F. Compute the compre^oFs internal ^neienev: (a) bv 
the perfect-gas method; (b) by Table lS-1. 

1S~28. Solve Problem IS-27, using a discharge temperature of 415 F. 

IS-29. The compressor of Problem lS-27 discharges into a combustion chamber 
vhere fuel having a combined chemical energy and enthalpy of 18,500 Btu per lb is 
bumem Heat losses and incomplete combustion cause a waste of 1200 Btu per pound 
of fuel- What is the fuel-air ratio if the products of combustion leave the burner at 
6S psia and 1440 F? Solve bjr using Table lS-1. 

IS-30. The gases from Problem IS-29 enter the ttirbine and emerge from it at 
exhaust-pipe conditions of 17.9 psia and 940 F, Compute the turbine's internal effi- 
ciency: (c) by the perfect-gas method; (6) by Table lS-1. To what do you attribute 
the dffierence in results? 

lS-31. Assume that the compressor of Problem 18-27(5) and the turbine of Prob- 
lem 18— 30 (5) each have mechanical efficiencies of 98 If the fuel of Problem 18—29 hp<; 
a heating value of 19,500 Btu per lb, estimate the thermal efficiency of the unit, 

1 8—32. Refer to Problem 18—3 1 . Compute the work ratio and the brake horsepower 
if 50 Ib of air enter the compressor per second. 

18-33. Refer to Problem 18—31. A regenerator is added to the unit, bringing the 
temperature of air entering the combustion chamber to 840 F. Using Table 18-1, esti- 
mate the thermal efficiency of the unit, 

18-34. Refer to Problem 18—33. Compute the e^ectiveness of the regenerators, 
based on temperanrres- 

18-35. Refer to Problem 18-33. How does the thermal efficiency of the actual unit 
with regenerator compare with that of an air-standard Brayton Cycle having the same 
compressor pressure ratio? 

18-36. Using a regenerator with an eSectiveness of 80^. compute the thermal 
efficiency for the cycle of Problem 18-21. Then, using the same effectiveness of re- 
generator, compute the thermal efficiencies for the pressure ratios of Problem lS-23. 
Discuss the inSuence of pressure ratios on the relative improvement in the rm al efficiency' 
that a regenerator can cause, 

IS— 37. Using a regenerator of 80 9c effectiveness, solve Problem 18-25. 

18-38. Using Table 18-1, compute the stagnation enthalpy of air at 140 F moving 
with a velocity of 448 ft per sec. 

18-39. The air of Problem 18-38 expands in a nozxle and emerges at 40 F. Using 
Table 18-1, compute its esit velocity. 

18-40. Considering the expansiem of Problems 18-38 and 18-39 to be isentropic, 
show that the pressure at exit is 52.8 osia if the pressure at 140 F is 100 psia. Use Table 
18-1. 

18-41. Solve Problems 18-39 and 18-40 by perfect-gas laws. 

18-42. Consider a theoretical air-stancard gas-turbine cycle, si milar to that in 
Problem 18-21. Sketch the cycle on h-S coordinates, noting the pressure and tempera- 
ture at each of the four points. Then consider that the turbine is divided into two units, 
the high-pressure unit's output being used only to orive the compressor, and the lovr- 
pressure turbine furnishing the useful power output. What are the temperature and 
pressure at the point where the gas leaves the high-pressure turbine? 

18-43. Refer to Problem 18-42. The low-pressure turbine is now replaced by a 
nozrle which exhausts to atmosphere; this is the principle of the jet plane, which 
obtains its propulsion from the jet reaction. What is the velocity' of emux under ideal 
conditions? 

18-44. Refer to Problem 18-43. For each pound of gas iiowing per second, deter- 
mine the number of pounds of thrust, assuming a properly expanded nozzle. 
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1^5 Applr the pnnaples of the three precedicg proWenis to the condibons of 
Problem 1S*31, and estimate the thrust for each pound of gas fiowing per second. 
(Note For Problem lS-31, expansions are not tsentroojc, but the dau is readily 
adapted in tclo by assuming that the notnle has an e£aencv of S9^) 


CHAPTER 19 

19-1 A copper plate 1 in. thick has a tempemture of 140 F on one 'Surface and a 
temperature of 60 F on the other Calculate the heat transfer rate per «quare foot. 
19-2. Solve Problem 19-1, using mild steel instead of copper 
19-3 Solve Problem 19-1, using So Sc magnesia insulation instead of copper 
19-4 A copper plate 1 m thick has a gas on each surface, each gas a fhn 
coefficient A of 4 One gas is at 140 F and the other is at 60 F Calculate the heat 
transfer rate per square foot. 

^9-3 Solve Problem 19-4, but use liquids ins*ead of gases. Each Lqmd is to have 
an A of 400 

19-6 Refer to Problems 19-4 and 19-5 Calculate the heat transfer rate if the 
high temperature fluid is a gas and the low temperat ur e fluid is a liquid. 

19-7 Using the principles of Ohm’s Law, estimate (a) the temperature at each 
surface of the plate m Proldem 19—4 and (6) the thermal giatLen* across the platCi 
^ degrees per foot. 

19-S Find the quantities m Problem 19-7 for the concLtions m Problem 19-5 
19-9 Find the quantities m Problem 19-7 for the conditions m Problem 19-6. 
19-10 An allo^ sted pipe, having a thermal conductivity cf 20 has an outside 
diameter of 6 625 in. and a wall thict-upg; of 0.562 in. The tempemture at the inside 
surface is 500 P and that at the outside is 400 F Compute the heat transfer rate per 
square foot of outside surface and also per linear foot of p pe. 

19-1 1 Refer to Problem 19-10 The p pe is co\-ered with a 2 m. thickness cf 
insulation havmg a conductivitv of 0 04 The temperature at the insde pipe surface is 
s tm '^OO F hut the temperatur" at the outer surface of the insulation u> 100 F Compute 
the heat transfer rate per linear foot of p-pe. 

19-12 Refer to Problem 19-1 1 Estimate the tenperature at the interface. 

19-13 Refer to Problem 1^11 The pipe is carrving superheated «:te3m which has 
a heat transfer coeffiaeat h of SO under these cond-ticns. Estimate the temperanire 
of the steam. 

19-14 A vertical flat wall has a temperature of 90 F The air m contact with »t 
tia<t a temperature of 50 F Compute the convection heat transfer rate. 

19-15 An insulated s*eam Ime runs bonzontaHv across a space where the air tem- 
perature is 50 F The outer diameter of the insuk-tioa is 12 62a m. and its surface 
temperature l> 90 F Compute the convection beat transfer rate per square foot and 
also pier Imear foot. 

19-16 The line m Problem 19-15 has an emissmtv of 0 90 Compute the raiLant 
heat transfer per square foot and per linear foot. 

19-17 Refer to Problems 19-15 and 19-16. Compute the total heat transfer to 
the air, and the pierceatage by convection and by radiatica. _ 

19-18. Refer to Problem 19-17 Compute the total Em coeSaent k 
19-19 Two large paraflel walls are separated bv a narrow «p3ce across whi^ 
radiant eiiea^ is transmitted- One wall has a sirrface temperature cf 140 F, and the 
other a surface temperature of 40 F. Estimate the radiant heat transfer if ca^ 
surface is considered a bbek body. 
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19-20. Solve Problem 19—19 if each stirface has an emissivity of 0.92. 

1 9-2 1 . Solve Problem 1 9-1 9 if each surface is covered with a bright, shiny substance 
so that the emissivities are each 0.04. 

19-22. Solve Problem 19-19 if one surface has an emissivity of 0.92 and the other 
surface has an emissivity of 0,04. 

19—23.^ Referring to Problems 19—20, 19—21, and 19—22, compute the percentage 
reduction in heat transfer by radiation for each of the cases of Problems 19-21 and 19-22, 
based on Problem 19-20. What conclusions do you draw regarding the use of the shiny 
foil? 

19-24. A steam condenser consisting of 1000 tubes arranged in parallel has con- 
densate forming on the outside tube surface while cold water runs through the tubes at a 
velocity of 8 ft per sec. The tubes have an outside diameter of 0.625 in. and a wall 
thickness of 0.049 in._ If the average temperature of the water is 60 F, compute the 
water film coefficient h. 

19-25. The condenser in Problem 19-24 has tubes of a non-ferrous alloy having a 
conductmty of 64. The steam film conductance h is 2000. Compute the over-all 
coefficient U based on inside tube surface area. 

19-26. Solve Problem 19-24, using velocities of {a) 2 ft per sec, (6) 32 ft per sec, (c) 
80 ft sec, 

19-27. Separate the variables in equation 19-22a and show that the heat transfer 
film coefficient h is inversely proportional to the fifth root of the diameter when other 
quantities are held constant. Then solve Problem 19-24, using an inside diameter of 
2.2 in. and a wall thickness of 0.049 in, 

19-28. Refer to Problems 19-24 and 19-27. If the same quantity of water were 
to flow in each case, how many tubes would be used for the flow in Problem 19-27? 

19-29. The tubes in the condenser of Problem 19-24 are 16 ft long. How many 
square feet of inside tube surface area are there? What is the surface-to-volume ratio 
(f.e., ratio of heat transfer surface for water to volume of water flowing) ? 

19-30. Consider that for the large-tube conditions of Problem 19-27 the over-all 
coefficient V based on inside tube surface area is 668. If the same AITD were used, 
how long would the tubes need to be in order to get the same heat transfer as in Problems 
19-25, 19-28, and 19-29? What conclusions do you draw regarding the reason for using 
the small tubes? 

19-31. Steam enters a surface condenser at 2 in. Hg^ abs., with 95% qualit 5 %' the 
condensate leaves without any subcooling. Cooling water enters the tubes at 70 F and 
leaves at 82 F. If the weight of condensate is 20,000 lb per hr and U is 640, determine 
the cooling stuface area and the number of gpm of cooling water. 

19-32. In a gas-turbine unit, the low-pressure turbine discharges at 860 P into a 
regenerator, from which the gas emerges at 451 F. The high-pressure compressor dis- 
charges air into the regenerator at 287 F ; this air leaves the regenerator at 727 F. If the 
air Cow is 72,000 lb per hr and U is 4, determine {a) the surface area required for heat 
transfer and (&) the regenerator effectiveness based on temperatures. 

19-33. An internal-combustion engine consumes 4 gal of gasoline per hour; the heat- 
ing value is 120,000 Btu per gal. The cooling system is equipped with a radiator whose 
passages give an equivalent heat transfer surface of 52 sq ft; a fan draws air through the 
passages at high vdocity so that ?7= 18. The mean temperature of the water is 155 F 
and that of the air is 62 F. What percentage of the fuel’s heating value is dissipated in 
the radiator? 

19-34. A convection-type superheater in a power-plant boiler is arranged for parallel 
flow with the following temperatures: Combustion gases enter at 1812 F and leave at 
1172 F; 100,000 lb of steam per hour enter the superheater dry saturated at 1250 psia 
and leave at 1200 psia and 1000 F. If is 9, compute the surface area required. 
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MISCELLANEOUS PROBLEMS 

1 Taking account of the work of the feed pump calculate the thermal efficiency 
and the net work per pound of steam for a Rankine Cycle operating between limits of 
1000 psia, 1000 F, and 1 in Hg, abs 

2 Calculate the net work per pound of air and the thermal effiaency of a theoretical 
gas turbine cycle which takes m air at 79 F and standard atmosphew pressure, has a 
pressure ratio of 4 to 1, and has a turbine inlet temperature of 1000 F (Use perfect 
gas laws ) 

3 (a) What would be the Carnot efficiency for the temperature extremes of Prob 
lem2? 

(b) Some engineers use the term * work ratio” for the gross turbme work divided 
by the net work of the cycle Compute the work ratio for each of the conditions of 
Problems 1 and 2 

4 Solve Problem 1 but consider that instead of a Rankme Cycle, the conditions 
apply to an actual cycle in which the turbine efficiency is 75% and the pump efficiency is 
50% (Use perfect gas laws ) 

5 Solve Problem 2 but consider that the turbine and the compressor each have an 
efficiency of 80%. 

6 Calculate the work ratio for the conditions of Problems 4 and 5 

7 Estimate the mean effective pressure for the conditions of Problem 1 

8 Estimate the mean effective pressure for the conditions of Problem 2 

9 Discuss bnefiy the significance of the mep in the above problems considering the 
type of machinery usually employed for those cycles 

10 A certam automobile engine, with a compression ratio of 7 to 1 operates on 
non premium fuel costmg 28 cents per gal It is suggested that a new cylinder head be 
installed which will raise the compression ratio to 8 7 to 1 This will necessitate usmg 
a premium fuel costing 30 cents per gal If the thermal efficiencies are in the same ratio 
as those for theoretical air conditions in Fig 17-7 estimate whether the new cylinder 
head will improve the economy of operation 

11 Methane gas CHi is completely burned with varying excess air conditions 
Estimate the percentage of CO* by volume m the dry products of combustion for each of 
the following excess air percentages 0 20 50 100 

12 Refer to Problem 11 If the total pressure is 14 7 psia, estimate the dew 
pomt of the products of combustion m each case 

13 From Clapeyron s equation show that 

Jsf, 

drA..nr.tu.n Vf, 

Then calculate the derivative for saturated steam at 32 F 212 F, and 700 F 

14 From the properties of superheated steam at 1600 F under pressures of 1, 2, 
and 4 psia predict the specific volume, enthalpy, and entropy of steam at 1600 P under 
a pressure of 0 5 psia 
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SOME POSSIBLE CYLINDER ARRANGEMENTS 

Reciprocating Machnery 






APPENDIX B 


TABLES OF THERMODYNAMIC PROPERTIES OF FREON 

The folloTving extract of thermodynamic properties of dichlorodi- 
fluoromethane (Freon, F-12) for both the saturated fiuid and the super- 
heated vapor has been made vith the kind permission of Kinetic Chemicals, 
Inc., Wilmington, Delaware, and of the American Society of Refrigerating 
Engineers, data having been obtained through the A.S.R.E. Data Book. 


THERMODYNAMIC PROPERTIES OF SATURATED FREON, F-12 


m 


Vol^ 

mm 

wm 

Entliilpy frotzs 
-40 F 

Entropy from 
-40 F 

Temp. 



Liqtifd 

ft’*/ro 

Varjor 

Liqtdd 
BttiAb ! 

Latent 

BtnAb 

Vapor 

BttiAb 

Lfomd 
Btn /ib pF 

Vapor , 
Btu/lby^F 

cp 

i 

P 




hfj 

hj 

V 


t 

—155 

0.1163 

p 

I 

232.29 ^ 

-24.61 

84.61 

60.00 i 

-0.0686 

0.2092 

— 155 

—150 

.1527 

.00957; 

179.79 

-23.50 

84.07 

60.57 

- .0650 

.2065 

-150 

-145 1 

.I9S5 

1 .00961 

140.52 

—22.39 

83.53 

61.14 

- .0615 

.2040 

—145 

-140 

1 .2554 

■ .00965 

: 110.92 

-21.29 

83.01 

61.72 

- .0580 

.2017 j 

-140 

-135 

1 .3256 

i .00969 

SS.34 

-20.19 

82.49 

62.30 

- .0546 

.1995 

-135 

-130 

.4116 

.00973 

70.94 

-19.10 

81.98 

62.SS 

- .0512 

.1975 

-130 

-125 

0.5160 

0.00977 

57.42 

-18-02 

81.48 

63.46 

-0.04SO 

0.1955 ' 

-125 

-120 

.6417 

.009S1 

46.84 

-16.94 

S0.9S 

04.04 

- .0448 

.1937 

-120 

-115 

.7921 

.00985 

! 38.49 

—15.85 

S0.4S 

64.63 

: - .0416 

.1919 

-115 

-110 

.9709 

.00989 

31.S1 

-14-78 

80.00 

65.22 

- .0385 

.1903 

-110 

-105 

1.1S2 

.00904 

26.51 

-13.71 

79.52 

65.81 

— .0355 

.1888 

-105 

-100 

1.430 

.00998 

22.20 

-12.64 

79.04 

66.40 

- .0325 

.1873 

-100 

- 95 

1.719 

0.01003 

1S.71 

-11.58 

78.57 

66.99 

-0.0295 

0.1860 

- 95 

- 90 

2.054 

.01007 

15.86 

-10.51 

78.10 

67.59 

I - .0266 

.1847 

- 90 

- S5 

2.441 

.01012 

13.51 

- 9.46 

77.64 

68.18 

1 - .02.38 

.1835 

— 85 

- SO 

2.SS5 

.01016 

11.57 

- 8.40 

77.17 

68.77 

- .0210 

.1823 

- 80 

— 75 

3.393 

.01021 

9.95S 

— 7.35 

76.71 

69.36 

- .0182 

.1813 

— 75 

- 70 ! 

3.971 

.01026 

8.60S 

- 6.30 

76.25 

69.95 

— .0155 

.1802 

- 70 

1 

— 65 

4.626 

0.01031 

7.474 

: — 5.25 

75.79 

; 70.54 

: -0.0128 

0.1793 

— 65 

- 60 1 

5.365 

.01036 

6.516 

I — 420 

75.33 

1 71.13 

- .0102 

.1783 

- 60 

— 55 

6.195 

.01011 

5.704 

- 3.15 

74.87 

1 71.72 

- .0076 

.1774 

— 55 

- 50 

7.125 

.01017 

5.012 

; - 2.11 

74.42 

1 72.31 

i - .0050 

.1767 

— 50 

- 45 

S.163 

.01052 

4.420 

1 - 1.06 

73.97 

1 72.91 

1 

1 - .0025 

.1759 

- 45 

! 

- 40 

9.32 

0.0106 

3.911 

0 

73.50 

73.50 

0 

i 0.17517 

- 40 

- 3S 

9.S2 

.0106 

3.727 

0.40 

73.34 

73.74 

0.00094 

: .17490 

- 38 

- 36 

1o!34 

.0106 

3.553 

O.Sl 

1 73.17 

73.98 

.00188 

.17463 

- 36 

- 34 

10.87 

.0106 

3.389 

1.21 

1 73.01 

74.22 

.00282 

.17438 

- 34 

- 32 

11.43 

j 

.0107 

3.234 

1.62 

72.84 

74.46 

.00376 

.17412 

- 32 
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Lvgineebing Thermodynamics 


THERMODYNAMIC PROPERTIES OF SATURATED FREON, F-12 

{Coniinu^d) 


Temp 

Absolute 

Volume 

Enthaluy from 

Entropy from 
-4oy 

Temp 

”F 

lb/" 0 ' 

P 

n 


Liquid 
Btu /lb 
hf 

Latent 

Btu /lb 

; Vapor 
' Btu /lb 

Liquid 

Btu/lb/«P 

Btu^/®1 

r 'F 

- 30 

12 02 

0 0107 

3 088 

203 

72 67 

74 70 

0 00471 

017387 

- 30 

- 28 

1262 

0107 

2 930 

244 

72 50 

74 94 

00565 

17364 

- 28 

- 26 

13 26 

0107 

2 820 

285 

7233 

7518 

00659 

17340 

- 26 

- 24 

13 90 

0108 

2 698 

3 25 

72 16 

75 41 

00753 

17317 

- 24 

- 22 

14 58 

0108 

2 583 

366 

71 93 

75 64 

00846 

17296 

- 22 

- 20 

15 28 

0 0108 

2 474 

4 07 

7180 

75 87 

0 00940 

0 17275 

- 20 

- 18 

16 01 

0108 

2 370 

4 48 

7163 

7611 

01033 

17253 

- 18 

- 16 

16 77 

0108 

2 271 

4 89 

7145 

76 34 

01126 

17232 

- 16 

- 14 

17 55 

0109 

2177 

5 30 

71 27 

76 57 

01218 

17212 

- 14 

- 12 

1837 

0109 

2088 

5 72 

7109 

76^1 

01310 

17194 

- 12 

- 10 

1920 

0 0109 

2003 

6 14, 

70 91 

7705 

0 01403 

0 17175 

- 10 

- 8 

20 OS 

0109 

1922 

6 57 

70 72 

77 29 

01496 

17158 

- 8 

- 6 

20 98 

0110 

1845 

6 991 

70 53 

77 52 

01589 

17140 

- 6 

- 4 

2191 

0110 

1772 

7 4l' 

7034 

77 75 

01682 

17123 

- 4 

- 2 

22 87 

0110 

1703 

783 

7015 

77 98 

01775 

17107 

- 2 

0 

23 87 

0 0110 

1637 

8 25| 

69 96 

78 21 

0 01869 

0 17091 

0 

2 

24 89 

0110 

1574 

867 1 

6977 

78 441 

019611 

17075, 

2 

4 

35 96 

0111 

1514 

910 

69 57 

78 67 

020o2 1 

17060 

4 

S* 

2651 , 

6JJJ 

1 485 

9B2 

69 47 

78 79 

02097 

17(h2 

5* 

6 

27 05 

0111 

' 1 457 

9 53 

69 37 

'78 90 

02143 

17045 

6 

S 

28 18 

0111 

1403 

996 

69 17 

79 13 

02235 

17030 

8 

10 

29 35 

0 0112 

1351 

10 39 

68 97 

79 36 

0 02328 

0 17015 

10 

12 

30 56 

0112 

1301 

10 82 

6877 

79 59 

02119 

17001 

12 

14 

3180 

0112 

1253 

1126 

68 56 

79 82 

02510 

16987 

14 

16 

33 08 

0112 

1307 

1170 

68 35 

80 05 

03601 

16974 

16 

18 

34 40 

0113 

1 163 

12 12 

68 15 

80 27 

02692 

16961 

18 

20 

35 75 

0 0113 

1 121 

12 55 

67 04 

80 49 

0 03783 

016919 

20 

22 

37 15 

0113 

1081 

13 00 

67 72 

80 72 

02873 

16938 

22 

24 

! 38 58 

0113 

ms 

13 44 

67 51 

8095 

02963 

16936 

24 

26 

4007 

0114 

1007 

13 88 

67 29 

81 17 

03053 

16913 

26 

28 

4159 

0U4 

0 973 

1432 

67 07 

81 39 

03143 

16900 

28 

SO 

43 16 

0 0115 

0 939 

14 76 

66 85, 

81 61 

0 03233 

0 16887 

30 

32 

44 77 

0115 

908 

15 21 

66 62 

81 83 

03323 

16876 

32 

34 

46 42 

0115 

877 

15 65 

66 40 

83 05 

03413 

16865 

34 

36 

4813 

0116 

848 

16 10 

66 17 

82 27 

03502 

16854 

36 

38 

49 88 

0116 

819 

16 55 

65 94 

82 49 

03591 

16813 

38 


' StandjU'il ton temp«rature 
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THERMODYNAMIC PROPERTIES OF SATURATED FREON, F-12 

(Continued) 


Temp. 

Absolute 

Pressiu-e 

1 Volume 

Enthalpy from 
“40 F 

Entropy from 
-40 F 

Temp. 

op 

lb /in.* 

Liquid 
ft’ /lb 

Vapor 
ft’ /lb 

Liquid 

Btu/lb 

Latent 

Btu/lb 

Vapor 

Btu/lb 

Liquid 

Btu/lb/°P 

Vapor 

Btu/fb/®F 

op 

i 

P 

VI 

Vg 

hf 

hfg 

hg 

5/ 

Sg 

t 

40 

51.68 


0.792 

17.00 

65.71 

82.71 

0.03680 

0.16833 

40 

42 

53.51 

.0116 

.767 

17.46 

65.47 

82.93 

.03770 

.16823 

42 

44 

55.40 

.0117 

.742 

17.91 

65.24 

83.15 

.03859 

.16813 

44 

46 

57.35 

.0117 

.718 

18.36 

65.00 

83.36 

.03948 

.16803 

46 

48 

59.35 

.0117 

.695 

18.82 

64.74 

83.57 

.04037 

.16794 

48 

50 

61.39 

0.0118 

0.673 

19.27 

64.51 

83.78 

0.04126 

0.16785 

50 

52 

63.49 

.0118 

.652 

19.72 

64.27 

83.99 

.04215 

.16776 

52 

54 

65.63 

.0118 

.632 

20.18 

64.02 

84.20 

.04304 

.16767 

54 

56 

67.84 

.0119 

.612 

20.64 

63.77 

84.41 

.04392 

.16758 

56 

58 

70.10 

.0119 

.593 

21.11 

63.51 

84.62 

.04480 

.16749 

58 

60 

72.41 

0.0119 

0.575 

21.57 

63.25 

84.82 

0.04568 

0.16741 

60 

62 

74.77 

.0120 

.557 

22.03 

62.99 

85.02 

.04657 

.16733 

62 

64 

77.20 

.0120 

.540 

22.49 

62.73 

85.22 

.04745 

.16725 

64 

66 

79.67 

.0120 

.524 

22.95 

62.47 

85.42 

.04833 

.16717 

66 

68 

82.24 

.0121 

.508 

23.42 

62.20 

85.62 

.04921 

.16709 

68 

70 

84.82 

0.0121 

0.493 

23.90 

61.92 

85.82 

0.05009 

0.16701 

70 

72 

87.50 

.0121 

.479 

24.37 

61.65 

86.02 

.05097 

.16693 

72 

74 

1 90.20 

.0122 

.464 

24.84 

61.38 

86.22 

.05185 

.16685 

74 

76 

1 93.00 

.0122 

.451 

25.32 

61.10 

86.42 

.05272 

.16677 

76 

78 

95.85 

.0123 

.438 

25.80 

60.81 

86.61 

.05359 

.16669 

78 

80 

98.76 

0.0123 

0.425 

i 26.28 

60.52 

86.80 

0.05446 

0.16662 

80 

82 

101.7 

.0123 

.413 

i 26.76 

60,23 

86.99 

1 .05534 

i .16655 

82 

84 

104.8 

.0124 

.401 

: 27.24 

59.94 

87.18 

i .05621 

.16648 

84 

86 * 

107.9 

.0124 

.389 

27.72 

59.65 

' 87.37 

.05708 

.16640 

86 * 

88 

111.1 

.0124 

.378 

28.21 

' 59.35 

87.56 

.05795 

.16632 

88 

90 

114.3 

0.0125 

0.368 

28.70 

59.04 

87.74 

0.05882 

0.16624 

90 

92 

117.7 

i .0125 

.357 

29.19 



.05969 

.16616 

92 

94 

121.0 

.0126 

.347 

29.68 



.06056 


94 

96 

124.5 

.0126 

.338 

30.18 

58.10 


.06143 


96 

98 

128.0 

.0126 

.328 

30.67 

57.78 

88.45 

.06230 

.16592 

98 

100 

131.6 

0.0127 

0.319 

31.16 

57.46 

88.62 

0.06316 

0.16584 

100 

102 

135.3 

.0127 

.310 

31.65 

57.14 

88.79 

.06403 

.16576 

102 

104 

139.0 

.0128 

.302 

32.15 


88.95 


.16568 

104 

106 

142.8 

.0128 

.293 

32.65 

56.46 

89.11 

.06577 

.16560 

106 

108 

146.8 

.0129 

.285 

33.15 

56.12 

89.27 

.06663 

.16551 

108 

110 

150.7 


0.277 

33.65 

55.78 

89.43 

0.06749 


110 

120 

171.8 


.240 

36.16 

53.99 

90-15 

.07180 

.16495 

120 

130 

194.9 

R 

.208 

38.69 


90.76 


.16438 

130 

140 

220.2 

ilH 

.180 

41.24 

50.00 

91.24 

.08024 

.16363 

140 


’^Standard ton temperature 
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THERMODYNAMIC PROPERTIES OF SUPERHEATED FREON, F-12 

Temp 

•p 

Abs 

{Sat 

Pressure 8 !i 
a Temp — 4i 

*8 F) 


Abs 

(Sat 

Pressure 12 Ib/m * 
nTemp -301 F) 

1 


h 

* 



* 

s 

(at sat fi) 

{4 502) 

{T2 SO) 

(0 17596) 

{at sal «) 

{3 093) 

{7469) 

(0 173S9) 

-40 

4 569 

73 56 

0 17777 

-30 

3 094 

74 71 

017392 

-30 

4 684 

74 87 

18085 

-20 

3172 

76 02 

17695 

-20 

4 799 

76 20 

18390 

-10 

3 250 

77 37 

17998 

-10 

4 914 

77 54 

18691 

0 

3 328 

78 73 

0 18299 

0 

5 028 

78 89 

0 18991 

10 

3 405 

8010 

18594 

10 

6 142 

80 26 

19284 

20 

3 483 

81 48 

1S8S4 

20 

5 257 

81 64 

19574 

30 

3 560 

82 87 

19173 

30 

5 370 

83 02 

19860 

40 

3 637 

84 28 

19458 

40 

5 484 

84 43 

20143 

50 

3 714 j 

85 71 

0 19739 

SO 

5 598 

85^5 

0 20425 

60 

3 790 1 

8714 1 

20Q18 

60 

5 711 

87 27 

20703 

70 

3 867 

88 59 

20293 

70 

5 824 

88 72 

20977 

80 

3 943 

90 05 

20566 

80 

5 938 

9018 

21250 

90 

4 019 

9152 

20836 

eo 

6 051 

9164 

21519 

100 

4 095 

93 00 

021104 

100 

‘ 6 165 

93 13 

0 21786 

no 

4170 

94 50 

21367 

no 

6 278 

94 63 

22051 

120 

4 246 

96 01 

21631 

120 

6 391 

9613 

22314 

130 

4 323 

97 53 

21891 

130 

6 504 1 

9764 

22573 

140 

4 400 

99 07 

22151 

140 

6 617 

99 18 

! 22831 

150 

4 474 

100 62 

0 22406 

150 

6 730 

100 73 

0 23087 

160 

4 649 

10218 

22659 

160 

6 843 

102 29 

23340 

170 

4 624 

103 75 

22911 

170 

6955 

103 87 

23591 

180 

1 4 700 

10534 

23162 

180 

7 068 

105 44 

23842 

190 

' 4 774 

106 94 

23409 

190 

7181 

107 05 

24090 

200 

4 850 

10855 

0 23656 

200 

7294 

108 67 

0 24337 

210 

4 926 

no 18 

23901 

210 

7 407 

110 28 

24581 

220 

5 000 

11182 

24144 

220 

7520 , 

121 93 

24825 

330 . 

5076 

113 47 

24385 

230 

7 633 

113 57 

25066 

240 

6 152 

115 15 

24626 
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THERMODYNAMIC PROPERTIES OF SUPERHEATED FREON, F-12 

{Continued) 


Temp. 

1 Abs. Pressure 16 Ib/in.* 


Abs. Pressure 20 Ib/in,* 

(Sat’ 

n Temp. —18.0 F} 

Temp. 

op 

(Sat’n Temp. —8J2F) 

/ 

V 

h 

s 

t 

V 

h 

s 

{at ja/’n) 

{2^70) 

(.76.11) 

{0.17254) 

{at sat'n) 

{1.925) 

{77,27) 

{0.17160) 

~10 

2.417 

77.20 

0.17498 

0 

1.965 

78.39 

0.17407 





10 

2.013 

79.76 

.17704 

0 

2.476 

78.56 

0.17800 

20 

2.060 

81.14 

.17996 

10 

2.535 

79.94 

AS09d 

SO 

2.107 

82.55 

.18286 

20 

2.594 

81.33 

.18387 

40 

2.155 

83.97 

.18573 

30 

2.652 

82.73 

.18676 





40 

2.710 

84.13 

.18962 

50 

2.203 

85.40 

0.18858 





60 

2.250 

86.85 

.19138 

50 

2.768 

85.55 

0.19244 

70 

2.297 

88.31 

.19415 

60 

2.827 

86.99 

.19524 

SO 

2.343 

89.78 

.19688 

70 

2.886 

88.45 

.19800 

90 

2,390 

91.26 

.19959 

80 

2.944 

89.91 

.20075 





90 

3.002 

91.39 

.20345 

100 

2.437 

92.75 

0.20229 





110 

2.483 

94.26 

.20494 

100 

3.059 

92.88 

0.20613 

120 

2.530 

95.78 

.20759 

110 

3.117 

94.38 

.20879 

130 

2.577 

97.31 

.21020 

120 

3.175 

95.89 

.21143 

140 

2.623 

98.85 

.21280 

130 

3.232 

97.42 

.21403 





140 

3.290 

98.95 

.21662 

150 

2.669 

100.40 

0.21537 





160 

2.716 

101.97 

.21792 

150 

3.347 

100.50 

0.21917 

170 

2.762 

103.56 

.22045 

160 

3.404 

102.07 

.22172 

180 : 

2.808 

105.15 

.22297 

170 

3.461 

103.65 

.22425 

190 

2.854 

106.76 

.22545 

180 

3.519 

105.24 

.22677 





190 

3.576 

106.85 

.22925 

200 

2.901 

108.38 

0.22794 





210 

2.947 

110.01 

.23039 

200 

3.633 

108.47 

0.23173 

220 

2.992 

111.65 

.23283 

210 

3.690 

1 110.10 

.23418 

230 

3.038 

113,31 

.23524 

220 

3,747 

111.74 

.23662 

240 

3.084 

114.98 

.23766 

230 

3.803 

113.40 

.23903 





240 

3.860 

; 115.07 

.24143 

250 

3.130 

116.67 

0.24005 





260 

3.177 

118.36 

.24242 

250 

3.917 

116.76 

0.24382 

! 

270 

3.223 

120.07 

.24477 
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THERMODYNAMIC PROPERTIES OF SUPERHEATED FREON, F-12 

{Continued) 


Temp 

"F 

Abs Pi«s\iTe 2& IV n * 

(Sat n Temp 7 7 F) 

Temp 

•F 

Abs Pressure SB lb/ n ’ 

(Sat n Temp 20 4 P) 



h 

* 

t 

a 1 . 1 , 

(at sot n) 

(1 409) 

(7P JO) 

(0 J7032) 

(at sat ft) 

(/ 7/J) 

(SOS 4) 

(0 19947) 

10 

1415 1 

79 41 

0 17099 

30 1 

1 140 

8190 

017227 

20 

1450 

80 81 

17393 

40 

1 168 

83 35 

17518 

30 

1485 

82 23 

17685 





40 

1520 j 

83 66 

17975 

50 

1 196 

84 81 

0 17806 





60 

1 223 

86 27 

18089 

50 

1 555 1 

8511 

0 18261 

70 

12d0 

8774 

18369 

60 

1590 

86 56 

18544 

80 

1278 

89 22 

18647 

70 

1625 j 

88 03 

18823 

90 

1305 

90 71 

18921 

80 

1659 

89 61 

19097 





90 

1693 

90 99 1 

19371 

100 

1 332 

92 22 

0 19193 





no 

1 359 

93 75 

19462 

100 

1727 

92 49 

019642 

120 

1386 

95 28 

19729 

110 

1761 

94 01 

19909 

130 

1412 

96 8? 

19991 

120 

1 790 

95 53 

20174 

140 

1439 

93 37 

20254 

130 

182S 

1 97 07 

1 20436 





140 

1862 

98 62 

20698 

150 

1465 


0 20512 





160 

1492 

101 51 

20770 

150 

1890 

10018 

0 209a6 

170 

1518 

103 n 

21024 

160 

1 930 

! 101 75 

21212 

180 

1545 

104 72 

21278 

170 

1963 

1 103 33 

1 21466 

190 ’ 

1571 

106 34 

21528 

180 

1997 

104 93 

21719 





190 

2 030 

: 106 55 

21967 

200 

1 597 

107 97 

0 21778 





210 

1623 

109 61 

22024 

200 

2 063 

108 17 

0 22216 

220 

, 1650 

11127 

22270 

210 

2 096 

109 81 

22462 

230 

1 1676 

112 94 

22513 

220 

2129 

11146 

22706 

240 

1702 

114 62 

22756 

230 

2 163 

113 12 

22949 





240 

2196 

114 80 

23191 

250 

1728 

11631 

0 22996 





260 

1754 

118 02 

23235 

250 

2 229 

116 49 

0 23430 

270 

1780 

119 74 

23472 

260 

2 262 

118 19 

23669 

280 

1807 

121 47 

23708 

270 

2 295 

119 91 

23905 

290 

1 833 

123 22 

23942 

280 

2 329 

121 66 

24141 



— 
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THERMODYNAMIC PROPERTIES OF SUPERHEATED FREON, F-12 

{Continued) 


Temp. 

°F 

Abs. Pressure 44 Ib/in.* 

(Sat’n Temp. 31.0 F) 

t 

V 

h 


{flt saCn) 

{pSfZZ) 

{81.72'} 

{0.16882) 

40 

0.943 

83.03 

0.17142 

50 

0.966 

84.48 

0.17432 

60 

0.989 

85.96 

.17717 

70 

1.012 

87.45 

.18000 

80 

1.035 

88.94 

.18279 

90 

1.058 

90.44 

.18556 

100 

1.080 

91.95 

0.18828 

110 

1.103 

93.48 

.19099 

120 

1.125 

95.02 

.19367 

130 

1.147 

96.57 

.19630 

140 

1.170 

98.14 

.19895 

150 

1.192 

99.72 

0.20154 

160 

1.214 

101.31 

.20412 

170 

1.236 

102.91 

.20667 

ISO 

1.258 

104.52 

.20922 

190 

1.280 

106.14 

.21173 


1.302 

107.78 

0.21424 

210 

1.324 

109.42 

.21672 

220 

1.346 

111.08 

.21918 

230 

1.367 

112.75 

.22161 

240 

1.389 

114.44 

.22405 

250 

1.411 

116.14 

0.22646 

260 

1.432 

117.85 

.22885 

270 

1.454 

119.57 

.23123 

280 

1.475 

121.31 

.23359 

290 

1.496 ■ 

123.06 

.23592 

300 

1.518 

124.82 

0.23826 

310 

1.539 

126.59 



Temp. 

OF 

Abs. Pressure 52 Ib/m.* 

(Sat’n Temp. 40.4 F) 

t 

V 

h 

S 

{at sat'n) 

{0.788) 

{82.75) 

{0.16831) 

50 

0.808 

84.17 

0.17114 

60 

0.827 

85.65 

.17400 

70 

0.847 

87.14 

.17684 

80 

0.867 

88.64 

.17966 

90 

0.886 

90.15 

.18244 

100 


91.68 

0.18518 

110 


93.22 

.18789 

120 

0.945 

94.77 

.19059 

130 

0.964 

96.33 

.19325 

140 

0.983 

97.90 

.19590 

150 

1.002 

99.48 

0.19850 

160 

1.021 

101.07 

.20109 

170 

1.040 

102.68 

.20365 

180 

1.059 

104.30 

.20621 

190 

1.078 

105.93 

.20873 

200 

1.097 

107.58 

0.21125 

210 

1.116 

109.23 

.21374 

220 

1.134 

110.89 

.21620 

230 

1.153 

112.56 

.21865 

240 , 

1.172 

114.26 

.22110 

250 ' 

1.190 

115.96 

0.22352 

260 

1.208 

117.67 

.22591 

270 , 

1.227 

119.40 

.22829 

280 

1.245 

121.14 

.23065 

290 

1.263 

122.90 

.23299 

300 

1.281 

124.66 

0.23532 

310 

1.298 

126.42 

.23763 











474 Engineering Thermodynamics 

THERMODYNAMIC PROPERTIES OF SUPERHEATED FREON, F-12 

iJOonUnued) 


Temp 

'F 

( 

Abs Pressure 60 Ib/in ' 

(Sat n Temp JS 7 F) 


Abs Pressure 100 lb /ra < 

(Sat n Temp 809 F) 


h 



h 


(al sal n) 

{oess) 

(WaI5) 

(0 I679I) 

(al sal «) 

(0 419) 

(SS t9) 

(0 16659) 

SO 

0690 

83 83 

0 16829 

90 

0 430 

88 32 

0 16926 

60 

0 708 

85 33 

17120 





70 

0 726 

86 84 

17407 

100 

0 442 

89 93 

0 17210 

80 

0 743 

88 35 

17689 

no 

0 454 

91 54 

17493 

90 

0760 

89 87 

17968 

120 

0 465 

9315 

17773 





130 

0 477 

9176 

18049 

100 

0 778 

9141 

0 18246 

140 

0 488 

96 37 

18321 

no 

0795 

92 96 

18519 





120 

0812 

94 51 

18789 

150 

0 499 

9799 

018590 

130 

0 829 

96 07 

19056 

160 

0 510 

99 63 

18856 

140 

0 846 

97 65 

19323 

170 

0 521 

101 28 

19120 





180 

0 531 

102 94 

193S1 

150 

0863 

99 24 

0 19585 

190 

0 542 

10161 

19638 

160 

0880 

100 84 

19846 





170 

0 897 

102 45 

20104 

200 

0 553 

106 29 

0 19894 

ISO 

0 913 

101 07 

20360 

210 

0 563 

107 98 

20148 

190 

0 930 

105 71 

20613 

220 

0 574 

109 68 

20401 





230 

0 585 

in 39 

20650 

200 

0946 

107 36 

0 20865 

240 

0 595 

113 11 

20899 

210 

0962 

109 02 

21113 





220 

0 979 

no 69 

21361 

2o0 

0 606 

114 84 

0 21145 

230 

0 995 

112 37 

21607 

260 

0 616 

116 58 

21389 

240 

1012 

114 06 

21853 

270 

0 626 

118 33 

21631 





280 

0 636 

12010 

21870 

250 

1028 

115 77 

0 22094 

290 

0 646 

121 88 

22108 

260 

1044 

11749 

22334 





270 

1060 

119 23 

22o73 

300 

0 657 

123 67 

0 22347 

280 

1076 

120 97 

22810 

310 

0 667 

125 47 

22583 

290 

1092 

122 73 

23015 

320 

0 677 

127 28 

22817 





330 

0 687 

129 10 

23050 


* 

1 124 50 

25220 

m ' 

06,97 

15094 

2X281 

310 

1 124 

126 28 

23513 





320 

1 140 

128 07 

23745 

3o0 

0 707 

132 80 

0 23510 



i 


360 

0 718 

134 68 

23738 
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THERMODYNAMIC PROPERTIES OF SUPERHEATED FREON, F-12 

{Continued) 


Temp. 

oj - 

t 

Abs. Pressure 140 Ib/in.* 

(Saf n Temp. 1(M,5 F) 

V 

h 

■ 

s 

{at saCn) 

{0298) 

{88,99) 

{0.16566) 

110 


89.92 

0.16725 

120 

0.314 

91.60 

.17021 

130 

0.323 

93.28 

.17306 

140 

0.332 

94.96 

.17590 

150 

0.341 

96.65 

0.17868 

160 


98.34 

.18142 

170 

0.358 

100.03 

.18412 

180 

0.366 

101.72 

.18678 

190 

0.374 

103.42 

.18941 

200 

0.383 

105.14 

0.19205 

210 

0.391 

106.86 

.19466 

220 

0.399 

108.59 

.19724 

230 


110.33 

.19976 

240 

0.415 

112.09 

.20229 

250 

0.423 

113.85 

0.20479 

260 

0.431 

115.63 

.20728 

270 

0.439 

117.42 

.20974 

280 

0,447 

119.22 

.21219 

290 

0.455 

121.03 

.21461 

300 

0.462 

122.85 

0.21701 

310 

0.470 

124.67 

.21939 

320 

0.477 

126.50 

.22174 


Temp. 

°F 

Abs, Pressure 200 Ib/in.* 

(Sat’n Temp. 132.1 F) 

i 

V 

h 

s 

{at saCn) 

{0.202) 

{90.86) 

{0.16424) 

140 

0.208 

92.30 

0.16661 

150 

0.216 

94.10 

0.16966 

160 

0.224 

95.90 

.17262 

170 

0.231 

97.70 

.17551 

180 

0.238 

99.51 

.17838 

190 

0.245 

101,32 

.18115 

200 

0.252 

103.13 

0.18388 

210 

0.258 

104,94 

.18659 

220 

0.265 

106.76 

.18927 

230 

0.272 

108.58 

.19192 

240 1 

0.278 

110.40 

.19455 

250 

0,284 

112.23 

0.19713 

260 


114.06 

.19967 

270 

0.296 

115.89 

.20217 

280 

0.302 

117.73 

.20467 

290 

0.308 

119.58 

.20715 

lil 


121.44 

0.20961 

310 

0.320 

123.31 

.21204 

320 

0.326 

125.19 

.21445 





o 

X! 


Q 
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c 

s 

a 

< 


£3 

C ^ 
CQ 

qqooq 

r-Ioi«-r:itO 

oooo 

o'b-'odoo 

o 

o 

q 

■^disoiso 

»^ri03 03CS 

IS O IS Q IS 

co^^3»s 

O ISO ISO 
00b*b-00 

IS o IS q o 
ooooo^ 

o 

C 

-J O 

^5' a 

qqr»q^ 
»H o' o cd 

OCJ 

ooooo 

^•ojqqo3 

idt'^cio'oi 

OOOt^b- 

ooooo 

qqqqq 

r^t^i-Jis 

b-r»QOoooo 

ooooo 

tHot^qi> 

ddcdisd 

ooooo 

ooooo 

1097.9 

1099.1 

1100.2 
1101.2 
1102,1 

qqqqis 

S3* si IS* d 

ooooo 

^ 

"3 









c 

Sat. 

Liquid 

«/ 

O CO O IS M 

r>qco«^ 
ci cd C3 o o 
oooc^co 

b^-do'o'i-4 

eo o o o 

T.H tH I.H 

180.02 

181.00 

190.10 

208.34 

218.73 

227.80 

235.90 

243.22 

249.93 

250.12 

261.90 

207.29 

272.38 

277.19 

281.70 

286,11 

290,27 

294.25 

298.08 

305.30 


Sat. 

Vapor 

5(7 

03 O M LS ^ 

000003 'r« 

t-03C0O-f 

oqoqqq 

03b-b-030 
OOOOb- 
03 .-t O c: CO 
oqqqr>;t^ 

OCiOOCO 
oqw«3C3 
IS qco"-* C3 
b-qb»r»cs 

^ ^ y—t y^ 

1.0870 

1.0703 

1.CG09 

1.0585 

1.6509 

C0-i<iSC3t^ 
CS q t-t i.*; o 

q cs eo C3 S3 
qqqqq 

CO S3 ooooo 

IS >-tOS3'^ 
1-1-^000 
qqqqq 

»-4 ^ 4 yy^ 

Entropy 


OT-i»sr-'»i< 
O O LO 03 C3 
CO’^O 

cot^o qq 

r-J W t-i 

OOCOCOW 
03C0 00O •**< 
00 IS CO 03 o 
U3 IS IS q ts 

1—1 ^ 

O IS M O CO 

"O* 'O* c: OCO 
"0* CO COCO 

eS'C'O-^o 

O-^kSt-— t 
OOOOtJ^CO 
CS C3 C3 S3 S3 

00 S3tS h.O 
OCSOOOb* 
wOCib-tS 

^.■^.qqq 

i«^.-40eSN. 

b-b-t>-o0i-^ 

IS SD S3 


■e*3 
Ss - 

0.1320 

0.1749 

0.2008 

0.2198 

0.2347 

03'^'0*CSIS 
b- CO IS o 

■.c* IS or - 00 

03 03 03 03 03 

o'ddo'o' 

0.3120 

0.3135 

0.3350 

0.3533 

0.3080 

0.3807 

0.3019 

0.4019 

0.4110 

0.4193 

OS30S3^ 
t^-SOb-S3 
S3 r3 ^ IS 

ddddd 

b-i-tS30S3 

ooqo-^CQ 

isdob-oo 

ddddd 


Sat. 

Vapor 

h. 

q o? q q ^ 
oooir^w 

q.-‘03 03« 

qqqqq 
d d 1 -i cd 

CSCOCC’^'.^ 

qqqqq 
d d d d q 

q q q q q 

vHb^qqq 
b^ d N IS* 
O O b“ b» b« 

qqoc5i-» 

b^ddwed 

b^qqaoco 

qqqsiq 
■4f isdb^od 
qcOOOOOQO 




•pH rH ^ 

^ ^ rH 



>> 

:S 

> -a 

« 03 03^0 
oo3‘cdo.-i 
CO 03^00 

qqooq 

03 q q W q 
O* 03* CC IS* 03* 
o OOOOO DO 
C3C300C3 

qqqqq 
d d d 03* IS 
b» cs o is ^ 
ooooo 

wb»coqq 
d cd 00 d 

CSCSCSCI'^ 

ooooo 

915.5 

911.0 
907.9 

904.5 

901.1 

oob-qqs3 
b^ -s' !-» 00 cd 

00(35 CO 00 

00 CC CO CO 00 









11*^ 

OOb-Ort 

b;qqq^ 

o cd o o o 

00003 to 

137.90 

144.70 

150.79 

150.22 

101.17 

180.07 

181.11 

190.10 

208.42 

218.82 

wcstsqo 
oOMOq 
b-* d cd d d 
S3 csrr ISIS 
N S3 03 W <N 

202.09 

207.50 

272.61 

277.43 

282.02 

oestsoo 

S3 q q q O 
d d ^* 00 IS* 
oooooo 

S3 S3 S3 S3 S3 

o 

a 

"o 

> 

c; s* ^ 

333.6 

173.73 

118.71 

90.03 

73.52 

coq'«c*oo3 

csdqqq 

ipJrdb^oicd 

OIS^O^^CO 

CJCO o 
OOQOO-i« 
q q o CO q 
d d d d cd 

C3e3 03,-iw 

11.898 

10.498 

9.401 

8,515 

7.787 

IS IS «S O S3 

b* is o ^ b- 
qqsicoq 
b^dddd 

00 O S3 S3 O 

O O IS S3 q 

qqqqd 

IS*(S'S'^*^* 

'S 

o 

c. 

-:3 

E 

-^eoooo 

»-'O3COC0'^ 

ooooo 

iSCiCOtSCS 

IS IS IS 

ooqqq 

SI « CO ei *-* 
t-b-cCOO 
qossoq 

COiS^b-SI 
o ^ S3 S3 CS 
b-b-b-qq 

00 S3 OSes b- 
q •^qis is 
qq b^ b»b“ 

WOO^SI 
CSCSb*b-C0 
b» b“ b“b» b« 


"a 

qqqqq 

ooo'o'o 

odbob 

ddddd 

b b c b q 
ddddd 

ddbbo 

ddddd 

qqooq 

ddddd 

OOOOO 

ddddd 

Temp. 

Fahr. 

e 

101.74 

120.08 
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APPENDIX D 


SOLUTION OF VAN DER WAALS» EQUATION FOR V 

Let it be assumed that the pressure P and the temperature T of a gas 
are known, and that the volume V is to be found by Van der Waals^ equa- 
tion, which is 

Inspection will show that a cubic equation will result. The solution of such 
an equation by s^mthetic division vdU be given here to illustrate the pro- 
cedure. For example, we vill consider the following equation for carbon 
dioxide: 

(61.2+^) ( 7-0.686) =481 

This equation reduces to 

61.273+9257 - 635 = 52372 
or 

73-8.5472+15.17-10.38 = 0 

The first step in solving this equation by synthetic division is to set domi 
the coefficients and to trj'^ various integers as roots until the remainder 
from the constant term is found to be a minimiun. Trying 7 for 7, we 
obtain: 

1-8.54+15.1 -10.38 7 

+7 -10.78+30.24 

1-1.54+ 4.32+19.86 

The fact that the remainder is positive indicates that 7 is too large. So 
we try 6 and get the foUovdng result : 

1-8.54+15.1 -10.38 _6 

+6 -15.24- 0.84 

1-2.54- 0.14-11.22 
+6 +20.76 

1+3.46+20.62 

+6 

1+9.46 
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It IS seen that 6 as the proper digit to the left of the decimal point The 
digit in the first decimal place may now be found by making up an equa- 
tion from the remainders m the previous attempt This new equation is 
1+9 46+20 62-1122 

For the first decimal place, we will try 0 5 The division follows 
1+946+2062-1122 I 5 
+0^ + 4 98+12 80 
1+9 96+25 60+ 1 58 1 

Smce 0 5 IS too large, we aviU try 0 4 We then get 
1+ 9 46+20 62 -1122 | 4 
+ 04 + 3 944+ 9 82 
1+ 9 86+24 564- 140 I 
+ 0 4 + 4 104 
1+10 26+28 668 
+ 04 
1+10 66 

If still another decimal place is wanted, a new set of coefficients is 
1 + 10 66+28 668-140 

The value in the second decimal place is found to be between 04 and 05, 
being very close to the latter Hence, the desired result is E=6 45 cu ft 
per mol 
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Absolute humidity, 282 

Absolute pressure, 5 

Absolute temperature, 15 

Absolute zero of temperature, 15, 79 

Absorption sj’stem of refrigeration, 231 

Acoustic velocity, 154 

Actual gases, 18, 85, 255 

Added humidification, 301 

Adiabatic change of state, 19 

Adiabatic compression, 44 

Adiabatic efficiency, 371 

Adiabatic saturation temperature, 286, 307 

Air, 18 

excess, 246, 320, 374 
flow of, in nozzle, 58, 147 
horsepower for compression of, 194 
specific heat of, 18, 260 ^ 
thermodynamic properties of, 372 
Air compressors, 57, 189 
Air conditioning, 281 
Air-fuel ratio for combustion, 245 
Air refrigerating machine, 212 
Air standard cycles, 310 
Air tables, 372 
Air-vapor nuxtures, 282 
Analyses of gases, conversion of, 239 
Atmosphere, pressure of standard, 5 
Atmospheric nitrogen, 244 
Atomic energj'’ as source of heat power, 
major problems in developing, 3 
Atomic weights, 240 
Available energy, 67, 111 
Avogadro^s Law, 237 
Axial thrust in turbines, 177 

Baker, Goodenough and, 343 
Balance, energj", 11, 176, 223, 374 
Beardsley, Sweigert and, 260 
Beattie-Bridgman equation of state, 270 
Binar 3 "-vapor cycles, 126 
Black body, 392 
Blade, function of, 174 
Blade velocitj^ coefficient, 175 
Bleeder turbine, 121 
Blowers, 206 
Boiler, 105 
Boiling liquid, S3 
Bomb calorimeter, 251 


Boyle's Law, 13 
Brake horsepower, 134, 354 
Brake mean effective pressure (mep), 355 
Brake specific fuel consumption (bsfc), 355 
Brayton Cycle, 325, 365 
British thermal unit (Btu), 9 

Calorific value, 250 
Calorimeter 
barrel, lOl 
bomb, 251 
electric, 101 
gas, 252 
separating, 101 
steam, 97 
throttling, 99 
Carbon, 244 

Carbon dioxide, 229, 244 
Carbon monoxide, 18, 247 
Carburetion, 357 
Carnot, 59 

Carnot Cycle, 60, 103, 211 
Carnot efficiency, 62 
Carnot engine, 61 
Carrier's equation, 285 
Carry-over efficiency'’, 184 
Centigrade temperature conversion, 10 
Centrifugal compressor, 206 
Cetane number, 342 
Characteristic equation, 15, 269 
Charles' Law, 13 
Chemical energy, 279 
Chemical equations of combustion, 244 
Chemical equilibrium temperature, 344 
Chi function of Gibbs, 51 
ClapeyTon's equation, 86, 280 
Clausius, 64 
Clearance, 138 
in air compressors, 194 
in I. C. engines, 349 
in steam engines, 135 
Clearance factor, 196^ 

Coefficient of performance (c.p.), 209 
Combustion, 244 
complete, 244 

maximum theoretical temperature of, 
268 

products of, 247 

Combustion chamber, 57, 364, 374 
Combustion equations, 244 
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Combustion proce^ 
m diesel engines, 340 
m spark ignition engines, 337 
Combustion turbine plant, 365 
Complete combustion, 244 
Compound compressors, 200 
Compound engmes, 139 
Compound properties, 51 
Compoundmg tubnnes, 178 
Compressed liquid water, 88 
Compressibility factors, 274 
Compression efficiency, 202 
Compression igmtion, 335 
Compression ratio, 21, 315 
Compressors, 189, 225 
centrifugal, 206, 226 
compound, 200 
refngeration, 225 
Boots, 204 
rotary, 203 
turbo, 365 
Condensate, 112 
Condensate pump, 121 
Condensation and reevaporation, 135 
Condenser, 105, 119, 121, 126 
Conductance, 391 
Conduction, heat, 382 
m ®obds, generalised treatment of, 384 
Conductivity, thermal, 383, 391 
Contmuity of energy equation, 147 
Contmuity of mass equation, 148 
Convection 
forced, 389, 395 
heat transfer bs , 381, 389 
natural, 389, 390 

Conversion of analyses by weight and 
volume, 239 
Coohng 

of compressors, 1S9, 209, 222 
ofIC engmes, 331 
Corresponding states, 270 
Cntical pomt, 86 

Critical pressure and temperature, table of, 
273 

Critical pressure ratio m nozzle, 154 

Current, thermal, 383 

Curtis steam turbme, 167 

Cushion steam, 133 

Cut-off govemmg, 137 

Cut^lff ratio, 143 

Cycle 

Brayton (Joule), 325, 365 
Camot, 60 
Die®el 317 


Cycle — Con/tnwd 
dual (limited-pressure), 322 
gas-turbme, 366 
Otto, 313 

reversed Camot, 65 
Rankme. 104 

extension of, 118 
reheat and regenerative, 120 
ssunmetncal, 32S 
Cylinder, 32 
of Carnot engme, 69 
of compressor, 189 
factors affecting performance of, 135 
imtial condensation m, 135 
of mtemal combustion engme, 332, 333 
of steam engme, 132 
Cylmder arrangements, 403 

Dalton’s Law, 237 
Dehumidiffcation, 298 
Density, 6 
Detonation 
m diesel engmes, 342 
m gasolme engmes, 338 
Deviations 

of actual I C engme from theoretical, 
346 

of gas turbme, 366 
of steam prime mover, 114, 135 
Dew pomt, 284 
Diagram 
HS, 95 

mdicator, 133, 149, 311, 318 
Mollier t^me, 95 
P-V, 20 
TS, 73 

Diagram factor, 142 
at rated load, 144 
Diatomic gases, 259 
Diesel Cycle, 317 
Diesel engme, 335, 340 
Diesel injection systems, 359 
Differential equations, 275 
Diphenyl and diphenyl onde, 12S 
Discharge through a nozzle, limitation of' 
152 

Displacement, piston, 138, 196, 349 
Dissociation of products of combustion, 
364 

Double-acting compressor, 189 
DouWe-actmg engine, 132 
Dry-bulb thermometer, 284 
Drying by hot gas, 307 
Dual Oinuted-pressure) cycle, 322 
Dynamometer, 134 
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Effectiveness, regenerator, 377 
EflSciency 

of Brayton (Joule) cycle, 325 
of Carnot CjTle, 62 
compression or internal, 202, 370 
of compressor, 202 
conditions affecting, 128 
of Diesel Cjxle, 317 
engine, 112 

mechanical, 134, 203, 354, 369 
of Otto Cycle, 314 
of Rankine Cycle, 106 
relative, 346 
stage, 181 

of theoretical I. C. engine, 345 
volumetric, 195, 352 
Ejector, steam-jet, 234 
Electrical energj^, 10 

Electrolux-Servel refrigeration sj^stem, 233 
Ellenwood chart, 97 
Ellenwood, Gay, and Kulik, 261 
Emissivity ratios for surfaces, 393 
Energy-, 7 
forms of, 10 

Energy balance, 11, 176, 223, 374 
Energy equations 
non-flo\r, 29 
steady-flow, 47 
Enthalp3% 51 

Enthalpy-entropy chart for vapors, 95, 96 
Entropy 

change of, 70 
as coordinate, 23 
related to irreversibility, 77 
of steam, 90 

Equilibrium, chemical, 344 
Equilibrium expansion of vapors, 150, 
157 

Ericsson, 310 
Evaporation, 87 
Evaporator, 227 
Excess air, 246, 320, 374 
Expansion valve, 217 
Exponent k 

for perfect gases, 40 

for polytropic changes of state, 20 

for steam, 159 

Exponent n for P-V processes, 19 
Extraction, effect of, on entropy, 123 
Extraction turbine, 121 

Fahrenheit temperature conversion, 10 
Feed pump, work of, 107 
Feed-water heating, 121 
Felbeck, Goodenough and, 261 
First Law of Thermodynamics, 11 ' 


Fission, atomic, energy from, 3 
Flare of constant pressure lines on H-S 
plane, 95, 181, 380 

Flow 

maximum discharge for, 152 
in nozzles, 147 
steady, 47 
Flow energy, 48 
Fluids for refrigeration, 227 
Flux, heat, 383 
Foot-pound, 4 
Force, 3, 4 

Forced convection, 389, 395 
Four-stroke cycle, 332 
Free air, 196 

Freon, thermod^mamic properties of, 467 
Friction 
engine, 112 
nozzle, 164 
turbine-blade, 175 
Friction-horsepower, 354 
Fuel, 250 
Fuel pump, 363 
Function 
chi, 51 
psi, 278 
zeta, 278 

Fimctions, path and point, 40 

Gage pressure, 5 
Gas 

imperfect, 255 
perfect and permanent, 18 
Gas constant 
E, 17 

universal, 239 
Gas cycles, 309 
Gas turbine 

combustion-chamber energy analj^sis 
for, 374 

regenerator effectiveness of, 377 
thermal efficiency of, 369 
Gaseous mixtures, 237 
Gases 

internal energy of, 266 
kinetic theory of, 23 
pressure exerted by molecules of, 25 
properties of, 18 
General energy equation 
for non-flow, 29 
for steady flow, 50 

General thermodynamic equations, 275 
Gibbs, Willard, 51, 278 
Goodenough and Baker, 343 
Goodenough and Felbeck, 261 
Governing, 136, 362 
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Grams of moisture, 282 
Graphs 

for P-V processes, 20 
for processes, 75 
Gravity, acceleration of, 4 

//, as symbol for enthalpy, 51 
Heat, 8, 11, 76 
mechanical equivalent of, 11 
as a path function 41 
speciSc, see Specific heat 
Heat conduction, 382 
through cylmders, 385 
generalized treatment of, m sohds. 
Heat engme, 3, 11, 59 
Heat flux, 383 
Heat power, 2 
Heat pump, 212^ 234 
cost of operation of, 246 
Heat transfer 

application of Ohm’s Law to, 381 
by conduction, 381, 382 
by convection 381, 389 
by radiation, 381 391 
regenerator effectiveness m, 376 
steady state, 381 
Heater, feed water, 122 
Heating values, 250 
higher, of gaseous fuels at constant pres- 
sure, 254 
Helium, 18 

Hershey, Eberhardt, and Hottel, 265, 344 
Horsepower, 4 
of air compressor, 194 
brake (shaft), 134, 354 
fnctiOD 354 
mdicated, 133, 354 
Hot-air engines, 309 
Hougen and atson, 275 
Humidity, 282 
Humidity ratio, 287 
Hydrogen, 18, 240, 260 


Intercooler, 56, 198, 379 
Intenn^ate pressures for compressors. 

Internal combustion engines, 331 
Internal compression efficiency, 202, 370 
Internal (mtrmsic) molecular energy. 8. 
37,87 

table of, 266 

Irreversibility, 32, 70, 77, 112 
Isentropic compression efficiency, 203 
Isentropic process, 74 
Isobaric, isometric isopiestic isothermal, 
and isovolumic processes 19 

J, as symbol for mechamcal equivalent of 
heat, 29 
Jackets 
steam, 139 

water, 189, 209, 222, 225 
Jet ejector, 234 
Jet propulsion, 164 
Joule, 11 

experiment on internal energy by, 36 
Joule Cycle 325 
Joule-Thomson coefficient, 54 

k as adiabatic exponent, 40, 159 
Kelvin, Lord, 60 

Kelvin degrees (centigrade absolute), 15 
Kelvm temperature scale usmg Carnot 
engmes, 80 
Kilowatt, 5 

Kinetic energy, 7, 57, 147, 374 

Labynnth packing, 165, 169 
Lambda (X) as symbol for thermal con- 
ductivity, 383 

Latent heat of vaporization, 251 
Limitation of discharge in nozzles, 152 
Limited-pressure (dual) cycle, 322 
Liquids, compressed, properties of, 88 


Ignition, 333 
Ignition lag, 340 
Imperfect gases, 255 
Incomplete combustion, 246 
Incomplete expansion, 116, 135 
Indicated horsepower, 133, 354 
Indicated mep, 133, 353 
Indicator diagram, 133, 142, 311, 318 
Tnitifll condensation and reevaporation, 
135 

Injection, fuel, 359 
Instantaneous specific heat, 261 


nozzle, 148 

prime-mover, 112, 135, 184, 346 
Lower heating value, 251 


Mass, 4 

Mass rate of flow, 148 

Maxwell’s four relations, 277 

Mean effective pressure (mep), 133, 317 


brake, 355 
of cycles, 309 
factors affectmg, 347 
mdicated, 853 
theoretical, 142 
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Mean specific heat, 264 
Mechanical efficiency, 134, 203, 354, 369 
Mechanical energy, 1, 11 
Mechanical equivalent of heat, 11 
Mechanical power, 1 
Mercury, inches of, 6 
► Alercury-steam cycle, 127 
Minimum work for multi-stage compres- 
sion, 200 

^lixtures of gases, 237 
and vapors, 281 

Modifications of Eankine Qycle, 119 
Moisture 
m air, 282 
in steam, 90 
Mol, 237 

Molal analysis, 240 
^lolal specific heat, 257 
IMolecular energj”, 37, 38 
Molecular weight, 238 
Mollier diagram for vapors, 96 
Multiple expansion, 139 
Multi-staging 
of compressors, 198, 379 
of steam engines, 139 
of steam turbines, 178 

n as exponent of V in P-V processes, 19 
Natural convection, 389, 390 
Nitrogen, 18, 260 
atmospheric, 244 

Non-equilibrium expansion of vapors, 156 
Non-flow processes, 29 
Non-symmetrical cycles, 346 
Nozzles, 58, 147 
charactenstics of, 151 
critical pressure in, 154 
design of, 150 

discharge of, maximum, 152 
efficiency of, 148 
friction in, 149 
j et-propulsion, 164 
limitation of discharge in, 158 
perfect, calculated data on, 150 
profiles of, 152 
Eupersaturation in, 156 

Octane, 254, 260, 266 
Octane number, 339 

Ohm*s Law, heat transfer application of, 
381 

Orifice, 53, 99 
Orsat apparatus, 247 
Otto Cycle, 313 

Overload valves of steam turbine, 18/ 
Oxj'gen, 18, 244, 260 


P, as a sjunbol for pressure, 5 
Parsons (reaction-type) turbine, 170 
Partial pressures, 238 
Path functions, 40 
significance of work in, 41/^" \ 

Perfect combustion, 245 ^ 

Pen%ct engme, 343 

Perfect and permanent gases, 18 

Performance 

coefficient of, 209 
of I.C. engine, 351 
of steam engine, 145 
of steam turbine, 186 
Phase, 3 
change of, 83 

Piston displacement, 138, 196, 349 
Point and path functions, 40 
Poljdiropic changes of state, 19, 20 
Pol34ropic process, specific heat of, 39 
Potential energy, 7 
Power, 4 
Power, heat, 2 

Predicted indicated horsepower, 144 
Pressure, 5 
absolute, 5 
critical, 273 
drop of, in line, 112 
gage, 5, 6 
molecular, 25 
nozzle critical, 154 
Pressure-crank angle diagram, 340 
Pressure ratio for gas turbines, 367 
Pressure staging of turbine, 169 
Pressure-temperature relations, 22, 84 
Pressure-volume coordinates, 13 
Pressure-volume product as flow energy, 48 
Products of combustion, 246 

Properties 
of Freon, 467 
of gases, 18 

of Equid water (compressed), 88 
of steam, 477 
of a substance, 3 
of vapors, determination of, 91 

Psi function of gibbs, 278 
P^'chrometric chart, 288, 291 
Pump 

compressor as, 189 
feed, 105, 107 
fuel, 363 

P-F product, 48 

Q, as symbol for heat, 29 
Quality of vapors, 89 
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R (the gas constant), 17 
Radiant energy, 10 
Radiation 

j^eat transfer by, 391 
intercbtfagy by, 392 
RadiatiOiVos5^*o7, 112, 223 
Rankine, 15 t — 

Rankine Cycle, 104, 107 
actual performance of, 113 
Rankme efficiencj, 105, 118 
Rankme cycle ratio (R C R ), 114 
Rateau'type steam turbine, 169 
Reaction blading, 183 
Reaction stage, 170 
Reaction turbine, 170, 183 
Recirculation in air conditionmg, 305 
Rectangular hyperbola, 45, 143 
Reevaporation from imtial condensation, 
135 

Reeve’s statement of Second Law, 64 
Refrigeration, 209 
absorption system of, 231 
air, 212 

fluids used m, 227 
steam-jet, 233 
vapor-compression, 216 
Refrigeration inachme as heatmg plant, 
234 

Regenerative feed heatmg cycle, 120 
Regenerator used with gas turbme, 375 
Reheat 
blade, 183 
nozzle, 159 
stage, 193 
Reheat cycle 
for gas turbme, 379 
for steam power, 120 
Reheat factor, 180 
Relative eflSciency, 346 
Relative humidity, 282 
RdiativB'vtlir/u/ciess, VRi 
Reversed heat engme, 65, 210 
Reversible and irreversible heat transfers, 
76 

Reversible processes, 31 
Roots compressor, 204 
Rotary compressors, 204 
Rotor, Bteam-turbme, 165 
Run-down of energy system, 77 

S, as symbol for entropy, 71 
Saturated Freon, properties of, 467 
Saturated hguid, 84 


Saturated mixture, 282 
Saturated steam 83, 477 
Saturated vapor^ 82 
Saturafaon, adiabatic, 286, 307 
Saturation pressure or temperature, 83 
Second Law of Thermodynamics, 64 
Separatmg caloruneter, 101 
Servel Electrolux refngeration system, 233 
Shaft (brake) horsepower, 134, 204, 354 
Smgle-actmg compressor, 225 
Sound, velocity of, 154 
Specific fuel consumption, brake, 355 
Specific heat, 18, 30, 74, 243, 260 
equations for, 260 
molal, 257 

of polytropic process, 39 
Specific heat relations, 38 
Specific steam rate, 116 
Specific volume, 7, 87, 90 
Specific water rate, 116 
Stage 

compressor, 198 
turbme, 170 
Stage efficiency, 181 
Stagnation properties, 374 
State, 3, 15, 92 
Steady flow, 47 

Steady-flow enei^ equation, 48 
Steady state heat transfer, 381 
Steam, thermodynamic properties of, 477 
Steam engme, 56, 131 
compound, 139 

mdicator diagram for, 133, 142 
performance of, 146 
Uniflow 141 
Steam rate, specific, 116 
Steam tables, 87, 477 
Steam turbme, 165 
blade heights and exit angjes for^ 179 
impulse blade theory for, 172 
performance curves for, 187 
pressure-compoundmg of, 169, 178 
reaction bladmg of, 169, 183 
reheat factor o^ 1^ 
vector diagram of 175 
velocity-compoundmg of, 167, 178 
Stefan-Boltzman equation, 392, 394 
Stirlmg Cycle, 310 
Subcoolmg of condensate, 112 
Superchargmg, 190, 348, 356 
Superheat, degrees of, 84 
Superheated vapor, 82 
properties of, 477 
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Supersaturation 
degree of, 161 
in nozzles, 156 
Sweigert and Beardsley, 260 
Symmetrical cycles, 328 

T, as sjunbol for absolute temperature, 10, 
15 

Tandem compound engine or compressor, 
435 

Temperature, 8, 9, 15, 27 
absolute, 15, 78 
adiabatic saturation, 286, 307 
boiling, 83 

of combustion, maximum, 268 

critical, 86, 273 

dew-point, 284 

dr>"-bulb, 284 

maximum combustion, 268 

saturation, 83 

wet-bulb, 284 

Temperature-entropy graph 

for processes with constant specific heats, 
75 

for steam, 94 
Temperature gradient, 383 
Theoretical air-fuel ratio, 245 
Theoretical mep of steam engine, 142 
Theoretical steam or water rate, 116 
Theoretical thermal-efficiency graph for 
I. C, engines, 365 
Thermal conductivity, 383 
Thermal current, 383 
Thermal efficienc}^ 113 
of Brandon (Joule) Cycle, 325 
of Carnot Cycle, 63 
of Diesel Ci'cle, 317 
of dual C3xle, 322 
of gas-turbine c^'clc, 368 
of Otto Cj^'cle, 313 
of Rankine Cycle, 106, 108 
Thermod^mamic properties 
of air, 372 
of Freon, 467 
of steam, 477 

Thermodynamic scale of temperature, 78 
Thermometer, wet- and dr3''-bulb, 284 
Thomson, Sir William (Lord Kelvin), 
temperature scale of, 80 
Thomson-Joule effect, 54 
Throat of nozzle, 151 
Tluottling, 53 
in carburetor, 358 
governing 63% 136 
loss due to, *135 
Throttling calorimeter, 99 
Thrust, 164, 178 


Tonnage, refrigeration, 209 
Torque, 134, 355 
Turbine, gas; see Gas turbine 
Turbine, steam; see Steam turbine 
Two-stroke cycle, 332 

Uj as s3Tnbol for internal or intrinsic 
molecular energy, 8 
Unavailable energy, 67 
Undercooling in nozzles, 157 
Underexpanded nozzle, 164 
Uniflow steam engine, 141 
Universal gas constant, 239 

V 

solution of Van der Waals' equation for, 
485 

as S3Tnbol for veIocit3', 172 
as S3mbol for volume, 6 
Vacuum, 6 
Vacuum exhaust, 118 
Valve 

air-compressor, 191 
expansion, 217 

poppet, on Uniflow engine, 141 
slide, 132 

Van der Waals’ equation 
solution of, for F, 485 
values of constants in, 269 
Vapor tables, 86 
for Freon-12, 467 
for steam, 477 

l^aporization, property changes during, 86 
Vapors, 81 

properties of, determining, 91 
qualities of, 89 

saturated and superheated, 82 
Variable specific heats, 257 
Vector diagram for steam turbine, 174, 183 
Velocity, 4, 147 
acoustic, 154 
relative, 175 

subsonic and supersonic, 152 
vector diagram for, 174, 183 
Velocity coefficient, 169, 183 
Velocity compounding, 167 
Volume, 6 

at critical point, 85 
specific, 6, 87, 90 
Volumetric anal3"sis, 239 
Volumetric efficiency, 195, 352 

TT^, as s3Tnbol for weight, 4 

Waste energ3% 111 

Water jacketing, 189, 222, 225 
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Water rate, specific, 119 
Watt, 5 

Weight analj’sis, 239 
Wet-bulb temperature, 284 
Wet saturated vapor, 89 
Wilson Ime for supersaturation, 161 


Wire drawing, 138 
Work, 11, 32, 34 
as a path luncUon, 41 

Zero of absolute temperature, 15, 79 
Zeta function of Gibbs, 278^ 



